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Introduction

Beginning with OSTA-1 in November 1981, and ending with Neurolab in March 1998,

thirty-six shuttle missions are considered Spacelab missions because they carried various

Spacelab components such as the Spacelab module, the pallet, the Instrument Pointing

System (IPS), or the MPESS. The experiments carried out during these flights included

astrophysics, solar physics, plasma physics, atmospheric science, Earth observations, and

a wide range of microgravity experiments in life sciences, biotechnology, materials

science, and fluid physics which includes combustion and critical point phenomena. In

all, some 764 experiments were conducted by investigators from the United States,

Europe, and Japan. These experiments resulted in several thousand papers published in

refereed journals, and thousands more in conference proceedings, chapters in books, and

other publications. A number of these investigations could be considered as landmark

experiments in that they produced results that set the tone for new vistas to be explored,

which consequentially added greatly to our body of knowledge of the universe, the

planet on which we live, how our bodies and other biological systems function, and the

science involved in materials processing.

The purpose of this Spacelab Science Results Study is to document the contributions

made in each of the major research areas by giving a brief synopsis of the more

significant experiments and an extensive list of the publications that were produced. We
have also endeavored to show how these results impacted the existing body of

knowledge, where they have spawned new fields, and, if appropriate, where the

knowledge they produced has been applied.

The team members that conducted this study and their area of responsibility are:

• Dr. Charles A. Lundquist - Astrophysics

• Dr. Einar Tandberg-Hanssen - Solar Physics

• Dr. James L. Horwitz - Space Plasma Physics

• Dr. Glynn A. Germany - Atmospheric Science

• Dr. James F. Cruise - Earth Observations

• Dr. Robert J. Naumann - Microgravity Sciences (excluding the Life Sciences)

• Dr. Marian L. Lewis - Microgravity Life Sciences

The material used in study came from many sources including the Mission Summary

Reports, Mission and/or Investigator Team WEB sites, the International Distributed



ExperimentsArchives(IDEA, whichcontainsboththe NASA Microgravity Research

Experiments (MICREX) database and the ESA Microgravity Database), the

Compendex*Web, the Science Citation Index, various survey papers, conference

proceedings, and the open literature publications of the Investigators. Unfortunately, the

MICREX database, which had been an excellent source of information for microgravity

flight experiments, has not been maintained since USML-1, so it is only useful up to that

point.

Our initial intent was to assess the scientific impact of these various investigations on the

basis of the number of publications generated and the citations they received. It soon

became apparent that this would not be a fair assessment for the following reasons:

• Often the total number of publications is dominated by a small number of highly

productive teams that flew the same investigation on multiple shuttle flights.
• Time and fiscal restraints for the study did not allow for an exhaustive reference

search; thus there is the possibility that key documents to a particular experiment

may have been missed.

• Investigators often publish papers using data from multiple Spacelab missions or

combine data from Spacelab with other flights. Therefore, it is not possible to

ascribe a particular publication to a specific experiment.

• Often the flight data is only a small part of a much larger ground based

investigation. It is difficult to determine which of the ground based papers to
include.

• Many of the early ESA microgravity investigators chose to present their results at

the series of ESA-sponsored conferences instead of the open literature.

Therefore, their results, even though important, are not as widely known to the

greater scientific community.

• Many of the more exciting results have come on the more recent flights and,

therefore, have not had time to collect many citations.

For these reasons, we thought it prudent to simply document the experiments that

produced publishable results (even though some were not published in the open

literature) by presenting a brief synopsis of their results in context with the state of

knowledge in the field (where appropriate) along with the references we have been able

to find. The included bibliography is quite extensive, as may be seen in the Table below.

In addition to the 44 references in the Astrophysics section, there are 145 other papers

listed in the ASTRO web site reporting observations of specific objects. Also, we

understand that there are an additional 538 publications resulting from Spacelab J that

were not available to us. Therefore it is safe to say that the Spacelab program has

generated in excess of 4200 publications with additional publications expected as the data
from MSL-1R and Neurolab finds its way into the open literature. Of these, we estimate

that approximately 2400 are published in refereed journals, the remaining appear as

chapters in books or in conference proceedings.

Again, time and resources did not permit iteration with the Investigators, as we would

have liked to do. So if we misinterpreted a result, we apologize. Invariably, when dealing
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with thismanyexperimentsin a limited time,weareboundto haveleft outan important
experimentby oversightor becausewe failedto graspthesignificanceof theresult.
Again,weapologizeto theInvestigatorswemayhaveslighted.

Table 1. Total Publications by Discipline

Discipline Total Publications

Astrophysics 44

Solar Physics 28

Space Plasma Physics 140

Atmospheric Sciences 220
Earth Resources 117

Fluid Physics 563
Combustion 118

Materials Science 999

Biotechnology 598

Life Science_ 71_

Total Publications 3540

Some of these Spacelab missions were more or less dedicated to specific scientific

disciplines, while other carried an eclectic mixture of experiments ranging from

astrophysics to the life sciences. However, the experiments can be logically classified

into two general categories; those that make use of the Shuttle as an observing platform

for external phenomena (including those which use the Shuttle in an interactive mode)

and those which use the Shuttle as a microgravity laboratory. Since the resulting study

report turned out to be rather unwieldy when all of the references are included, we have

broken it down into several volumes by discipline.

This first volume of this Spacelab Science Results study will be devoted to experiments

of the first category. The disciplines included are Astrophysics, Solar Physics, Space

Plasma Physics, Atmospheric Sciences, and Earth Sciences. Because of the large number

of microgravity investigations, Volume II will be devoted to Microgravity Sciences,

which includes Fluid Physics, Combustion Science, Materials Science, and

Biotechnology, and Volume m will be devoted to Space Life Sciences, which studies the

response and adaptability of living organisms to the microgravity environment. In

addition, an executive overview of all of the disciplines was prepared (without

references) by distilling the inputs from the members of the Science Team.

°.°

111



Executive Overview
Table of Contents

Astrophysics

Solar Physics

Space Plasma Physics

Atmospheric Science
Earth Observations

Oceanography

Ecological Investigations

Hydrology

Geology and Geomorphology

Precipitation and Climate

Surface Mapping and Topography

Summary and Conclusions

Microgravity Sciences

Fluid Physics

Capillarity Effects

Floating Zones

Surface Tension Driven (Marangoni)Convection

Bubble, Drop, and Particle Interactions

Pool Boiling

Drop Dynamics
Critical Point Phenomena

Geophysical Fluid Flow Studies
Combustion

Materials Science

Evolution of Microstructure

Interracial Effects

Crystal Growth from the Melt

Vapor Crystal Growth

Solution Crystal Growth

Thermophysical Properties
Glass Formation

Biotechnology

Protein Crystal Growth

Electrophoresis

Commercial Biotechnology

Life Sciences

Gravitational Biology and Ecology

Cell And Molecular Biology

Developmental Biology

Plant Biology

Radiation Biology

Biomedical Research and Countermeasures- Animal Physiology

1

4

6

9

13

14

14

15

16

17

18

18

20

20

20

21

22

23

24

24

25

26

26

27

27

30

32

34

35

36

38

38

38

39

41

43

43

43

44

46

47

48

iv



Bone

Cardiovascular Physiology And Hematology

Endocrinology

Metabolism and Nutrition

Immunology

Neurophysiology
Biomedical Research and Countermeasures - Human Physiology

Bone

Muscle

Cardiovascular Function

Hematology

Immunology

Pulmonary Function

Kidney Function

Neurophysiology

Advanced Human Support Technology - Human Factors
Environmental Contaminants

Microgravity Environment Effects

On Cognitive Performance Of Humans

48

49

5O

5O

51

52

52

52

53

54

55

55

55

56

56

57

57

58



i

Astrophysics

Astronomy and astrophyics are rapidly moving disciplines. Results that were new and

important at the time of their release may be superseded by newer results a few years

later. The astronomical observations made from the Spacelab missions must be viewed

against this general feature of the science. None the less, some of the pioneering work on

Spacelab missions have made direct as well as indirect lasting contributions to our

current body of knowledge of the Universe.

Spacelab 1 carried three instruments, a Far Ultraviolet Space Telescope (FAUST), a Very

Wide Field Camera (VWFC) and a Gas Scintillation Proportional Counter (GSPC).

These instruments were hard mounted to the shuttle structure, so that pointing was

accomplished by controlling the attitude of the shuttle. Because this first mission

expected to demonstration diverse uses of Spacelab, the instrumentation represented a

broad range of disciplines. The two telescope-camera instruments photographed star

fields in the far ultraviolet (FAUST) and ultraviolet (VWFC). As might be expected, a

principal result was an improved understanding of how shuttle borne cameras of this

class can best be employed. Also, the photographed fields provided surveys of ultraviolet

characteristics of classes of stars that could be selected for future detailed observation and

analysis. The GSPC measured X-ray energy spectra in the range 2-80 kev for Cyg X-3,

Cen X-3 and the Perseus cluster of galaxies. The first two are well known X-ray sources

for which these measurements provided further information.

The astrophysical instruments on Spacelab 2 probed the universe in the infrared, X-ray,

and cosmic radiation spectral regions. For the first of these, a small, helium-cooled

infrared telescope (IRT) was mounted on the Spacelab Instrument Pointing System (IPS).

It was designed to observe diffuse, extended sources of infrared as well as to augment

data on discrete infrared sources, many of which were cataloged earlier by the Infrared

Astronomical Satellite (IRAS). An operational question addressed was the suitability of

the Shuttle as a carrier for Infrared Telescopes. With respect to this question, the IRT

background due to emission of gas from the Shuttle was found to be greater than

anticipated. The surveys of the Milky Way Galaxy at 2 and 7 microns were new data,

implying that the structure of the Galaxy is broader at these wavelengths than at longer

wavelengths.

The objective of the X-ray imaging telescope on Spacelab-2 was to produce images of

clusters of galaxies, particularly, and also other extended X-ray sources. A puzzle was

the source of the hard X-rays coming from the direction of clusters of galaxies. Hot gas

between the galaxies of the cluster was one hypothesis. From spectrally resolved images

of the Virgo cluster, the investigators report that much of the hard X-ray emission

previously reported from the cluster actually originates in the single galaxy NGC 4388.

The large lifting capability of the Space Shuttle supported a significant advance in cosmic

ray astrophysics by bringing up the 2000 Kg Cosmic Ray Nuclei Experiment (CRNE).

An instrument of this extreme size and complexity was required to extend measurements

of rare cosmic rays to energies almost 100 times greater than those previously studied by



comparabletechniques.Theinvestigatorsconcludethat the cosmic ray flux arriving near

earth becomes enriched with heavier nuclei, most notably iron, as energy increases.

Another analysis presented energy spectra of the cosmic-ray nuclei boron, carbon,

nitrogen and oxygen up to energies around 1 Tev, which yield information on the

propagation of cosmic rays through the Galaxy.

Spacelab 3 carried an instrument, Ionization Status of Low Energy Cosmic Rays (IONS)

to measure low energy "anomalous" cosmic ray ions. The abundances of sub-iron (Sc

through Cr) and of iron were determined. The investigators conclude that the IONS

measurement ratios are probably enhanced inside the earth's magnetosphere due to the

degree of ionization of low energy Sc to Cr and Fe ions in galactic cosmic rays and to the

filtering effects of the geomagnetic field. This is the suggested explanation of cosmic ray

data previously cited as anomalous

The Astro 1 and 2 flights, using Spacelab pallets, carried an ensemble of astronomical

instruments. Three of these, the Hopkins Ultraviolet Telescope (HUT), the Wisconsin

Ultraviolet Photo-Polarimeter Experiment (WUPPE), and the Ultraviolet Imaging

Telescope (UIT) operated in ultraviolet wavelengths and were mounted on the Instrument

Pointing System.

A Broad-Band X-ray Telescope (BBXRT) with its own pointing system was added to
Astro 1 with the initial motivation to observe a 1987 super nova, SN 1987A, in a nearby

galaxy. However, Astro 1 did not reach orbit until December 1990. The BBXRT was

designed to make moderate resolution spectrophotometry of x-ray sources in the 0.3-12
keV band. It collected and published data for several astronomical objects, including Xi

Pup, the Puppis A supernova remnant, and Cygnus X-2.

The HUT operations, particularly on Astro-2, were similar to that of a major ground

based observatory. A list of several hundred observing targets was adopted to provide

data to many investigators for a diverse analyses. The unique capabilities of this facility
were used to make new far-UV observations of virtually every class of objects in the

universe, a remarkable achievement! One of tasks the instrument was designed for was

to detect and measure the characteristics of the primordial intergalactic gas. It so happens

that the redshifted spectrum of quasar HS 1700 + 64 covered an absorption line of

partially ionized helium. Thus by observing this redshifted spectrum, the concentration

of intrgalactic helium was measured for the first time.

The Wisconsin Ultraviolet Photo-Polarimeter (WUPPE) was conceived as a pioneering

instrument for exploring polarization and photometry of astronomical objects in the ultra

violet spectrum. It too had a long observation target list of many different types of

astronomical objects in the universe. During the two Astro missions, WUPPE obtained

polarimetry and spectra for 121 objects.

The U1T is a 38-cm Ritchey - Chretien telescope equipped for ultraviolet filer and

grating imagery over a 40 arc minute field of view with a resolution of about 3 arc see. It

produced ultraviolet (1200-3300 angstroms) images of a variety of astronomical objects,
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particularlyextendedobjectswhicharerecordedon70mmfilm. This instrument
producedanatlasof spatially-resolvedmid-UV andfar-UV imagesof 50nearby
galaxies.This set includes ellipticals, disk systems and irregular galaxies. Other

extended objects studied include the Large and Small Magellanic Clouds and various star
clusters.

The ASTRO missions produced over 167 publications in the astronomical and

astrophysical journals. (A complete list is available on the ASTRO Website.) The

surveys and catalogs generated from the Spacelab observations in previously unavailable

frequency and energy ranges will find continuing utility in identifying individual

astronomical objects worthy of future detailed study. This will insure a lasting legacy

from Spacelab.

The evolutionary progress of instrumentation design afforded by the Spacelab missions

was also an important contribution. While the Shuttle is not the ideal carrier for many

astronomical instruments, it was a valuable test-bed for new observation techniques and

opportunities. The resulting insight can subsequently be applied to free-flying

observatories as the remaining astronomical issues warrant. Presumably, in the future,

the International Space Station may provide a comparable test-bed for instrument

concepts yet to be invented.

There has been a recent revolution in cosmology (see for example, "Revolution in

Cosmology," Scientific American, Jan. 1999) that began when two independent groups

reported in Science evidence that the universe is expanding. A crucial starting point in

any cosmological theory is the distribution of gravitating mass in the Universe and a key

element to this is the cosmological baryon density. The measurements of singly ionized

helium (He II) in the spectrum of the quasar HS 1700+64 with the HUT telescope on

Astro-2 contributed directly to estimates of baryonic or ordinary matter generated in the

big bang.

Also, the X-ray telescope on Spacelab 2 was a pioneering effort to use the measurements

of X-rays from the intergalactic gas to assess the masses of galactic clusters. It

demonstrated the usefulness of the technique, which requires spectral imaging of the

clusters studied. Of course the duration and scope of observations from Spacelab 2 was

limited by the mission length. In 1990, five years after Spacelab 2, the ROSAT satellite

was launched with X-ray spectral imaging capabilities. Far more comprehensive

observations of galactic clusters were obtained and analyzed. These later data, building

on the Spacelab 2 experience, currently provide one of the best measurements of

observable mass in the universe, since galactic clusters represent a large fraction of the

identifiable mass.

The noteworthy point here is that pioneering investigations using Spacelab

instrumentation helped move the cosmology discipline to its current exciting state.

3



Solar Physics

The scientific investigations carried out by solar experiments using the Spacelab facility

fall into three main categories; measurements of the solar irradiance (the solar constant

problem), abundance determinations (the solar helium problem), and the dynamic nature

of the solar atmosphere.

The solar constant is not really a constant. Small, but persistent variations in the solar

input to the Earth's atmosphere, oceans, and land masses can have dramatic effects and

can possibly explain a wide range of past climatic changes. To determine the effects of

variations in solar input, it is essential to monitor solar irradiance over long intervals and

to understand the physical basis for its variations. This task is best carried out on
unmanned satellites that can remain in orbit more-or-less indefinitely. The Spacelab

missions have been used to test and calibrate new instruments before committing them to

unmanned satellites and to provide periodic checks on the calibration of similar

instruments already on free fliers. Short duration missions have the distinct advantage of

being able to calibrate an instrument just before and just after a flight.

The total solar irradiance was measured using the Active cavity Radiometer Irradiance

Monitor (ACRIM) and the Measurement of the Solar Constant (SOLCON) instruments.
The SOLCON measures the absolute irradiance integrated over the entire solar spectrum,

while the ACRIM measures the absolute irradiance from the ultraviolet to the infrared.

ACRIM was first flown on Spacelab 1 and was later flown the Solar Max satellite. Each

of the ATLAS missions carried an ACRIM and a SOLCON instrument. SOLCON was

also flown on the ESA retrievable platform, EURECA.

Solar ultraviolet radiation in the wavelength range 120 to 400 nm is absorbed by the

Earth's atmosphere between 20 and 120 km and even though this radiation constitutes

only a small percentage of the total solar output, it is the main source of energy for the

middle atmosphere. This ultraviolet component of sunlight varies considerably more

than the visible radiation. During an 11-year cycle of the Sun's activity, changes in

ultraviolet radiation bring about corresponding changes in a number of atmospheric

conditions and may be responsible for weather and climate changes. This region of the

spectrum is monitored by the Solar Ultraviolet Spectral Irradiance Monitor (SUSIM).

SUSIM was flown on Spacelab-2 and on each of the ATLAS flights. Measurements

from these flights are compared with the same instrument on the Upper Atmosphere

Research Satellite (UARS).

The Solar Spectrum (SOLSPEC) measures the solar spectrum from the infrared through

the ultraviolet to obtain spectral variations over the entire optical spectrum. This
instrument was also flown on each of the ATLAS missions.

The abundance determinations and the dynamic nature of the solar atmosphere were

carried out using the Coronal Helium Abundance Spacelab Experiment (CHASE), the

Solar Ultraviolet High Resolution Telescope and Spectrograph (HRTS), and the Solar

Optical Universal Polarimeter (SOUP). These instruments were flown on Spacelab-2.
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Space Plasma Physics

When an object as large as the Shuttle moves through the residual atmosphere at nearly 8

Km/s, it generates many complex interactions with both the neutral and ionized

components. Several of the Spacelab flights carried a variety of instruments to probe the

responses of the surrounding ionospheric plasma environment to these perturbations. It

has also been possible to conduct experiments that actively modified this environment in

order to learn more about the dynamics of the Earth's ionosphere.

Visible evidence of such interactions were observed on the very first Shuttle flights when

a glow was noticed on the Shuttle surfaces interacting with the atmosphere in the ram

direction. It was found that this glow emission had intensities which were comparable to

that of the Earth's airglow and to the brightness of stars in TV cameras.

Although most of the Shuttle based space plasma science was oriented towards actively

stimulated effects, an electron spectrometer experiment aboard Spacelab 1 was used to

measure fluxes of low-energy electron precipitation at low latitudes (below the Van

Allen belts). In addition to a low energy component with a power law spectrum, they

found a high energy peak that at times showed temporal flaring with time scales of about

1.5 hours. A likely acceleration mechanism for these electrons has still not been

identified.

Spacecraft charging was measured during the STS-3 (OSS-1)mission using

instrumentation of the Vehicle Charging and Potential(VCAP) experiment. Charging

measurements using thermal plasma probes were obtained during passive events as well

as periods when a 100 mA at 1 keV electron beam was emitted. An upper limit of about

1 mF was obtained for the Shuttle's capacitance. Under steady state conditions, the

electrical potential typically reached only a few volts, although during some nighttime

conditions, potentials of over 40 Volts were detected.

The Space Experiments with Particle Accelerators (SEPAC) was a joint endeavor

between NASA and the Institute of Space and Aeronautical Sciences (ISAS) in Japan. Its

objectives were to investigate beam-atmosphere interactions and beam-plasma

interactions in the Earth's upper atmosphere and ionosphere. It was found that the

magnetoplasmadynamic (MPD) arcjet was effective in maintaining vehicle charge

neutralization during electron beam firings, but only for a brief period of 10 ms or so.

Therefore, a xenon plasma contactor, which can provide continuous vehicle charge

neutralization, was developed for the ATLAS 1 SEPAC experiments.

One of the important investigations from Spacelab 2 was of the creation of "artificial

holes" in the F-region ionosphere. These holes are the result of rocket launches as well

as shuttle engine bums supplying various contaminants in large amounts to react with the

ambient O ÷, producing a new ion and neutral. The ions subsequently recombine rapidly

with electrons to form neutral molecules and airglow. Hence the plasma density is

rapidly depleted, creating a hole in the ionosphere. The artificially-induced hole resulting
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from aShuttleengine firing wasobservedasaburstin theairglow overNewEnglandon
July29, 1985.AnotherShuttleengineburn overtheHobartobservatoryin Australia on

August 5, 1985, created a "window" in the ionosphere which allowed much lower than

normal frequencies to be observed from the ground observatory. Such observations were

described as being useful in permitting much improved mapping of the galactic radio

distribution, particularly at frequencies below 1.6 MHz.

A deployable Plasma Diagnostics Package (PDP) was developed in order to probe the

plasma, field and wave environment of the Shuttle. This instrument proved invaluable in

the beam -plasma experiments conducted on OSS-1, Spacelab-2, and ATLAS-1 as well

as the ionospheric perturbations caused by the Shuttle. From data taken from the PDP it

was estimated that the Space Shuttle was producing a water vapor cloud with densities of

the order of perhaps 109 H20 molecules/cm 3 at approximately 50 m from the Shuttle.

Additional observations of water and other ions during Spacelab 2 were obtained with a

Bennett RF ion mass spectrometer on the PDP. They found that the concentrations of the

water ions decreased with distance from the Shuttle in the orbiter wake, and fell below

the concentrations of ambient O ÷ ions at wake distances of about 30 m. These and other

similar measurements raised serious questions about the viability of making reliable
natural or ambient ion measurements in the Shuttle environment.

The plasma environment of the wake of the Space Shuttle for Spacelab 2 mission was

investigated with the PDP. It was found that the plasma densities decrease within the

deep wake much faster than the rates predicted by previous theoretical models. The

densities were, for some regions, an order of magnitude or perhaps more lower than the

theoretical predictions

One of the most exciting opportunities for the space plasma investigations was the

creation of artificial auroras by means of electron beam injections fired down upon the

atmosphere by SEPAC electron accelerators on the Shuttle orbiter. With the hollow-

cathode Xenon plasma contactor, beam currents, of up to 1.2 Amps could be maintained.

Some 60 artificial auroras were created over the South Pacific. They were observed from

the ground as well as with the Atmospheric Emissions Photograph Imaging(AEPI)
instrument onboard ATLAS-1.

Early on, it was recognized that the use of a tether connecting a sub-satellite to the

Shuttle could enable some intriguing electrodynamic and space plasma experiments,

using a long conducting wire. The Tethered Satellite System (TSS) was a partnership

venture between NASA and the Italian Space Agency (ASI). The second flight of the

TSS hardware was the TSS-1R mission, which involved the deployment of a 1.6 m

diameter spherical, conducting satellite, connected by a electrically-conducting tether, the

tether being insulated from the ionospheric plasma. There were twelve science

investigations, several of which were designed to explore space plasma-electrodynamic

processes, particularly involved in the generation of ionospheric currents. One of the

major surprises of the TSS-1R mission was in the current collected by the TSS versus the

voltage which exceeded theoretical expectations by factors of 2-3.

7
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Atmospheric Science

The study of the troposphere and stratosphere is intimately linked with human activities,

and several studies focused on the detection of and monitoring of transport of

atmospheric pollutants on a global scale. We now know, for example, that widespread

burning of grasslands and forests in South America, Africa, and Australia are major

sources of carbon monoxide and ozone in the southern hemisphere, observed to travel

between continents and across oceans. Spacelab investigations also tracked the spread of

industrial pollutants between continents as well, underscoring the global nature of these
problems.

Some of the instruments involved in the study of atmospheric physics form various

Spacelab missions and the contributions they made are described in the following.

The ATMOS is a Fourier transform infrared spectrometer that is designed to study the

chemical composition of the atmosphere by observing their absorption spectra when the

atmosphere is between the Sun and the instrument. The primary objective for the

ATMOS experiment is to make simultaneous measurements of as many trace

atmospheric constituents as possible and to provide height-volume mixing ratio profiles
of these gases. It was flown on OSTA-3, Spacelab 3, ATLAS-l, ATLAS- 2, and ATLAS-

3. Observations of vertical profiles of stratospheric trace gases not previously measured,

including N205, C1ONO2, HO2NO2, CH3C1, COF 2, and SF 6 were made by this instrument.

The following is a quote from the ATMOS team,

"Today we are aware of some 40 different molecular species in the atmospheric

inventory, all of which play a role in the chemistry of the atmosphere and in its

interaction with the Sun's radiation. In the past decade, research into many

interrelated questions about the Earth's atmosphere has made scientists aware of

the complexity of the processes that affect it, and has drawn attention to the need

for more detailed studies in order that these processes can be better understood.

This, in turn, has shown the need for a means by which global measurements can

be made of the composition and temperature of the atmosphere and their

variability."

The GRILLE Spectrometer flown on Spacelab 1 and Atlas 1 works on the same principle

as ATMOS. Study altitude. It measures absorption and emission profiles of molecules

on a global scale in the stratosphere and mesosphere.

The Imaging Spectrometric Observatory (ISO), flown on Spacelab 1 and Atlas 1,

measures thermospheric emissions over a broad wavelength range (extreme ultraviolet to

near infrared). ISO studied the chemistry/photochemistry of the mesosphere and

thermosphere. It was also used in several studies that helped quantify the initially baffling

problem of identifying the source of the 'shuttle glow' that interfered with remote sensing

investigations from space. The instrument development effort for this investigation lead

to new instruments, including a compact spectrometer and the Ultraviolet Imager (UVI),
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currentlyoperationalon theGGSPOLARspacecraft.In thedelayfollowing theSpace
ShuttleChallengeraccident,theISO wasusedasagroundobservatoryfrom McDonald,
Texas.ISO obtainedthefirst spacebasedmeasurementof groundstateOH in the
mesosphere,thefirst dayglowaltitudeprofilesof N(2P)at 346.6nm(which providedthe
first examinationof photochemicalsourcesandsinksin normaldaytimethermosphere
uncontaminatedby auroralemissions),andthe first simultaneouslyacquiredaltitude
imagesof NO gammabandtemperatureandintensityin thethermosphere.

TheAtmosphericLymanAlphaEmissions(ALAE) wasflown onSpacelab1 and
ATLAS-1. The instrument is a spectrophotometer that measures the absolute intensity of

the deuterium emissions. Measurement of the Lyman o_emission of deuterium atoms

offers a new possibility to probe the chemically active region where H20 (and t-IDO) is

photodissociated, the D atoms servings as the most appropriate proxy to the H atoms

which cannot be observed directly. The AEPI also provided observations of gravity

waves, not by building up data, but by two-dimensional imaging of the airglow
emissions.

Measurement of Air Pollution from Satellites (MAPS) was flown on OSTA-1, OSTA-3,

and on SLR-2. The MAPS experiment measures the global distribution of carbon

monoxide (CO) mixing ratios in the free troposphere. The MAPS instrument made

observations of biomass burning in the South American Amazon Basin and southern

cerrados, the African savannahs, and the Australian grasslands and ranches to

demonstrate that forest burning in remote locations can contribute to enhanced CO and

03 levels that can be transported large distances from the burn sites. These data were

responsible for finding that carbon monoxide concentrations in the troposphere are highly

variable around the planet, and that widespread burning is a major source of carbon

monoxide in the southern hemisphere and tropical troposphere.

The Millimeter-wave Atmospheric Sounder (MAS), flown on ATLAS-1, -2, and-3, is a

shuttle-based, limb-scanning spectrometer. It measures emissions from six mm-wave

transitions of four molecular species: 03, H20, C10, and 02. MAS. From these

measurements, abundance profiles and temperatures are deduced. The MAS performed

the first measurements of latitudinal variation of mesospheric nighttime 03 and H20, an

accomplishment that is also an example of the next class of observations: observations
conducted on an extended scale.

The Shuttle Solar Backscatter Ultraviolet (SSBUV) has been flown on a large number of

Shuttle missions, including OSTA-1, OSTA-3, Spacelab-1, Spacelab-2, ATLAS- 1,

ATLAS- 2, ATLAS- 3, and USMP-2. The SSBUV flights support the long-term global

stratospheric ozone and solar UV monitoring programs by providing repeated checks on

the calibrations of UV ozone and solar monitoring instruments flying on US and

international satellites. The SSBUV's value lies in its ability to provide highly accurate

ozone measurements. The instrument is calibrated to a laboratory standard before flight,

then is recalibrated during and after flight to ensure its accuracy. These laboratory

standards are calibrated routinely at the National Institute of Standards and Technology.
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Therigorouscalibrationhasbeenmaintainedsincethebeginningof theSSBUVflight
series.

TheSSBUVinstrumentdetectedandverifieda significantdecreasein theamountsof
totalNorthernHemispherebetweentheATLAS-I (March 1992)andATLAS-2 (March
1993)missions.This depletionalsowasdetectedsimultaneouslyby satellitesandground-
basedobservations.Indicationsarethattotal ozonedecreasedduring thesameperiodon
theorderof 10to 15percentatmid- latitudesin theNorthernHemisphere.Scientists
believethatthis significantdepletionresultedfrom thecombinedresidualeffectsof Mt.
Pinatuboaerosolsin thestratosphereandcold stratospheretemperaturesduringthewinter
of 1992/93.

TheCRyogenicInfraredSpectrometersandTelescopesfor theAtmosphere(CRISTA)
with theMiddle AtmosphericHighResolutionSpectrometricInvestigation(MAHRSI)
flew on theGermanSpaceShuttlePalletAtmosphereSatellite(CRISTA/SPAS),aspart
of theATLAS-3 mission.CRISTAacquiresglobalmapsof temperatureandatmospheric
tracegaseswith very highhorizontalandverticalresolution. MAHRSI'sprimary
objectiveis to measurelimb intensityprofilesof theresonancefluorescentscatteringof
sunlightby hydroxyl (OH) in thealtituderegionfrom 38to 90km,andby Nitric Oxide
(NO) in theregionfrom 48 to 160km. The CRISTA-SPAS platform is deployed using
the Shuttle manipulator arm and traveled some 50-100 km behind the shuttle. After 8

days it was retrieved and returned to Earth.

The ATLAS-3 mission was complemented by The CRISTA/MAHRSI Campaign to

provide ground truth and other coordinated measurements including monitoring of the

atmospheric background by ground based, aircraft, balloon, rocket and satellite

experiments. The first campaign took place from October 27 - November 25, 1994 and

included over 32 rockets, 56 balloons, and ground based experiments at 42 locations. A

second campaign was carried out in support of CRISTA 2 which was deployed from
STS-85.

Altogether, the atmospheric studies from the Spacelab missions have resulted in 199

papers in refereed journals. The scientific contributions to atmospheric science from the

Spacelab missions can be summarized as:

• A greater understanding of the chemistry and transport of the atmosphere, from the

lower troposphere to the upper thermosphere, but with greatest emphasis on

stratospheric trace gases and especially stratospheric ozone. The contribution from

these investigations can be grouped into four categories: observations made for the

first time or of a unique event, observations made over an extended period of time

or an extended spatial extent, observations detailed enough to provide heretofore

unavailable constraints for model development and investigation, and correlative

observations with other investigations.

• Increased knowledge of the impact of human activities on the lower atmosphere.

Examples include transport of pollutants (both industrial and from biomass burning)
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acrosscontinentsandoceans.Thiscategorycanalsoincludethestudiesof the
opticalglow environmentof thespaceshuttle,sincethismustbeunderstoodand
correctedfor in anyshuttle-basedremotesensinginvestigation.

• Unprecedentedopportunitiesfor correlativestudiesandvalidationsbetween
multipleobservingplatforms,which arevital for quantitativeatmosphericstudies.

Dowenow view theatmospherein afundamentally,or revolutionarilydifferentmanner
becauseof theSpacelabinvestigations?In thelargepicture,probablynot much. But in
thedetails,undoubtedlyso. Atmosphericmodels,andourunderstanding,arenow
constrainedto matchanewwealthof observations.This is theprincipalcontributionof
theSpacelabatmosphericinvestigations.
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Earth Observations

The dual Spaceborne Imaging Radar-C (SIR-C)/X-band Synthetic Aperture Radar (X-

SAR) was flown aboard the Shuttle Endeavor during the April and October 1994

missions, SRL-1 (STS 59) and SRL-2 (STS 68). The SIR-C system records data at both

L-band (23.5 cm) and C-band (5.8 cm) with full polarimetric scattering; while the X-SAR

is capable of recording data in the X-band (3.1 cm) with copolar polarization only. The

integrated system records data simultaneously at incidence angles ranging from 15-60 °

with image resolution varying from 10 to 50 m depending on system configuration. The

SIR-C/X-SAR is a considerably more advanced airborne imaging radar compared to

satellite mounted instruments such as the European Remote Sensing Satellites (ERS-1,2),
the Japanese Remote Sensing Satellite (JERS-1), or the Canadian RADARSAT and has

more than 1000 times their spatial resolution.

The impact within the remote sensing and earth science communities of the two SIR-

C/X-SAR missions was demonstrated early on by the large number of sessions and

papers devoted to the subject at the 1995 International Geoscience and Remote Sensing
Symposium (IGARSS'95) sponsored by IEEE. Significant interest carried over to the

subsequent IGARR Symposia in 1996, 1997 and 1998 as well. Subsequently, three major

journals within the earth science and remote sensing communities devoted special issues
to presentation of the results of the missions. These issues were IEEE Transactions on

Geoscience and Remote Sensing, 33(4), 1995; Journal of Geophysical Research,

101 (E 10), 1996; and Remote Sensing of Environment, 59(2), 1997. In addition, most of

the investigators associated with the missions have published significant articles in

journals within their specific disciplines and dozens of other scientists not directly
associated with the original missions have incorporated the data into their research and

continue to publish results. So far 117 papers related to these two flights have appeared
in the open literature.

Following the flights of the SIR-C/X-SAR in 1994, NASA requested the Space Studies

Board of the National Research Council (NRC) to evaluate the utility of a third SIR-C/X-

SAR mission and to provide guidance in developing a strategy for a small space-based,

science-oriented, interferometric SAR. As a result of this report, and the apparent

success of the SIR-C/X-SAR missions, NASA has issued a call for proposals for

investigators to participate in mission planning and design of the Lightweight Synthetic

Aperture Radar (Lightsar) to be launched in 2001 or 2002. Lightsar will be a low

orbiting imaging radar satellite operating in the L-band with full polarimetric scattering,

and possibly in C- or X- band as well. Thus, the parametric design standards and mission

goals of Lightsar build directly on the results of the SIR-C/X-SAR investigations.

The earth science applications associated with SIR-C/X-SAR data can be grouped into

six broad categories: Oceanography (including wave observations); Ecology (forestry,

agriculture, wetlands); hydrology; geology and geomorphology (including

volcanology); precipitation and climate (including glaciology); and surface mapping and
topography.
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Oceanography

The oceanographic studies associated with the SIR-C/X-SAR missions consisted of

investigations of the capability of the system to measure important wave properties such

as significant wave height (SWH), wave number and propagation direction; and to

observe surface frontal boundaries separating cold and warm water masses. An on-board

processor developed at Johns Hopkins University produced real time images of ocean

wave spectra from the C-band signal. A primary goal of the wave study was to

incorporate these real time observations into a numerical wave model in order to correct

and update model predictions in real time.

The principal development of the wave studies appears to be the conclusion that low orbit
radar data can sufficiently distinguish important wave properties in real time such that

they can be used to improve numerical wave forecast models. Improved wave

forecasting would be very valuable in many instances, including severe weather

situations such as hurricanes, or in cases of waves generated by tsunamis.

Another result of the ocean studies was that frontal boundaries were identified on the

SAR images during the October flight and that these boundaries closely agreed with field

observations and data obtained from conventional thermal and infrared satellite sources.

Boundary movement was also successfully observed by using images from successive

shuttle overpasses. Frontal boundary location and movement can have important

consequences in terms of weather occurrence and fisheries productivity as well as on

water quality issues such as hypoxia and algal blooms. However, the advantages of

observing frontal characteristics from microwave radar measurements in lieu of currently

available thermal and infrared instruments is unclear.

Ecological Investigations

The ecological studies associated with the SIR-C/X-SAR missions can be grouped into

three categories: forestry, wetlands, and forest/nonforest land use classification. The

forestry studies consisted primarily of classification and mapping forest spatial structure,
classification of growth stages and above ground biomass estimation. Forestry studies

were focused on both northern latitude hardwoods in Michigan ,Maine, Germany, and the

southern rainforests of Brazil. Attempts were also made to combine forest growth

models with a radar backscatter model to improve image analysis.

Reported results using the SAR data for forest spatial classification were decidedly
mixed. The spatial structure recognized on the SAR images was successfully related to

forest management practices such as logging or storm damage. The range of results on

classification and spatial mapping of forest types is at least partially due to the different

physical and environmental conditions at the various sites. Some sites were in cold

regions, others were in southern rainforests; some were in flat terrain while others were in

mountainous regions, in some cases snow covered the canopies while in others it did not.

These results appear to show that classification and mapping algorithms for SAR data
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can accuratelydistinguishbroadclasses,but that algorithmsthatwouldbegenerally
applicableoverarangeof conditionsmaybedifficult to develop.

Theresultsfor biomassestimationfrom SIR-C/X-SARdatawerefairly consistenteven
thoughenvironmentalfactorsareknownto affecttheseestimatesaswell. Theresults
appearto showthatforestbiomasscanbepredictedusingwith sufficientaccuracyovera
varietyof environmentalconditionsto allow radardatato beusedasasignificantforest
managementtool. Forestscoverasubstantialportionof theearth'ssurfaceandthe
carboncontainedin their biomassis animportantcomponentof theglobalcarbonbudget.
Thesuccessof thesemissionsin predictingforestbiomassclearly indicatesthe
importanceof activemicrowavemeasurementsin analysisof theglobalcarboncycle.

Wetlandanalysesfocusedon identificationof wetlandflooding cyclesduringthedry
(April) missioncomparedto thewet(October)missionovertheYucatanPeninsula.
Changesfrom dry orpartially floodedto completeinundationcouldbeeasilydetected;
however,changesfrom dryto partially floodedcouldnotbedetectedby any
configuration.Basedon theradarconfigurationstested,it wasconcludedthat a
combinationof ERS-1and2, andRadarsatmight functionto detectseasonalfloodingof
mostwetlands,excludingpartial flooding.

Landuseclassificationinvestigationsfocusedprimarily ondiscriminationbetweenforest
andnonforestedareas.In all of theseanalyses,underdifferingenvironmentaland
physicalconditions,theSARdatawereuniformly successfulin separatingforestfrom
non-forestareas.Accuraciesrangedfrom 87% to nearly100%. Theability of active
microwavemeasurementsto discriminateforestedareas,aswell asforestclasses,andto
accuratelyestimateforestbiomassandcarbonstorage,makesthis technologyextremely
promisingasatool in globalchangeanalysis.

Hydrology

The hydrologic investigations associated with the subject missions dealt with the

capability of the SIR-C/X-SAR data to estimate soil moisture under a variety of soil

types, surface roughness, and moisture conditions and to map the spatial structure and

estimate equivalent water content of non-glacial snow pack. The estimation of soil
moisture content from remote sensing sources has thus far been an intractable problem in

hydrology and has become a major focus of research ). Most of this research has
focused on the use of visible-near IR or passive microwave instruments. Problems with

this approach include the relatively coarse spatial resolution of these instruments and

their ability to only sense the surface moisture. Active microwave instruments do not

exhibit these problems, and consequently, their employment in hydrology is one of the

most promising developments in recent years. The SIR-C/X-SAR missions offered the

first opportunity to use multi-frequency, multi-polarization airborne data to study soil

moisture signals over a variety of climates, vegetation and soil types ranging from

Manitoba, Canada to Oklahoma, USA, to Orgeval, France. For this reason, it potentially

represented a major step in the development of algorithms to relate vertical soil moisture

profiles to radar backscatter.
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Theshuttlemissionscoincidedwith majorfield campaignsto measuresoil moisturein
Manitoba,Canada,theLittle Washitabasinin OklahomaandtheOrgevalwatershedin
theBrie regionof France.Giventheability of thelongerwavelength radarsignalsto
penetratethesoil surface,activemicrowaveinstrumentshavethepotentialto measurenot
only surfacesoil moisturecontent,butverticalsoil moistureprofilesaswell.
Unfortunately,observedbackscattersignalsareinfluencednot onlyby thesoil properties
of thesurfaceunderinvestigation,but alsoby thesurfacetopography,roughnessand
vegetationcharacteristics.Pastresearchhasfocusedon theuseof thesedatato estimate
moistureprofilesprimarily onbaresoil underrelativelysmoothsurfaceconditions.
Effective algorithmshaveyetto bedevelopedto correcttheradarbackscattersignalfor
variationsin surfaceroughnessor vegetation.Thetwo SIR-C/X-SARmissionshadthe
potentialto leadto significantimprovementsin currentmethodologies;however,this
potentialdoesnot seemto havebeenfully realizedasof yet. As thedatacollectedduring
themissionsareobviouslystill available,it ishopedthatsomeof themoreimportant
problemsassociatedwith remotesensingof soil moisture,i.e., vertical profile estimation

throughout the active zone and correction for vegetative cover and surface roughness will

Continue to be addressed in future research. Until this is done, operational use of remote

sensing instruments for soil moisture estimation will not be realized.

The results of the snow pack experiments may have more immediate practical

applications than do the soil moisture investigations. The ability to map snow cover and
to estimate the equivalent water content of snow packs can be a great aid in the

estimation of spring snow melt runoff from mountainous regions. Snowmelt provides the

essential runoff for replenishment of reservoir stocks in many parts of the world (e.g.,the

western United States). The ability to accurately estimate the volume of this runoff in

advance would be a great benefit to hydrologists, hydropower operators and water supply

managers. The SRL- 1 and -2 missions demonstrated the ability of multi-frequency,

multi-polarization data to accurately discriminate between snow covered and non-snow

covered regions in areas of high topographic relief (without the aid of topographic maps)

and to estimate equivalent water content of snow cover. Ratio backscattering coefficients

at the different frequencies could be adjusted to enhance the images and the estimated

wetness values compared well with ground observations over the test site. It was also

demonstrated that different frequencies (35 GHz and 5.3 GHz) could be employed to

discriminate between layers of snow pack based on temperatures and wetness.

Geology and Geomorphology

The geological and geomorphological investigations associated with the missions focused
on observation of sand covered features in Arabian deserts, mapping of volcanic lava

fields and observations of associated deformations and mapping of alluvial flood plains.

The restricted range of wavelengths of the SIR-C/X-SAR instruments (3.1 cm - 23.5 cm)

limits the penetration range of the beams and thus restricts the application of the system

in subsurface investigations. The L-band copolar (HH) data was used to penetrate up to 4

m of sand in the Arabian Peninsula to reveal older geologic features such as drainage

channels. The X-band (VV) data could also penetrate up to 3 m of sand. The C and L-
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banddatawereemployedin anEgyptiandesertoverlainwith ashallower(2 m) sand
layerandproducedenhancedimagesthatwereableto revealdeeperrockformationsand
fractures,alongwith shallowquaternarydrainagechannels.TheseresultssuggestthatL-
bandcopolardataat small incidenceanglesmaybeableto detectshallowgroundwater
depositsin aridregions-apotentiallyvaluablecontribution.

Thevolcanologyinvestigationsfocusedon analysisof lavafields andgeologicstructure
anddeformationof volcanoesin southernItaly andKilaueaVolcano,Hawaii. C andL-
bandcopolar(HH) andcrosspolar (HV) datato revealedlavafields of differentages
(5000yearsand10,000years)andwereableto separatelava fields from undisturbed
areas.In theLattari andPicentinimountains,threesetsof geologiclithologieswere
identifiedandfault lineswereclearlyevidenton theimages.The KilaueaVolcano
studiesattemptedto measurethedeformationthatoccurredin thetimespanbetweenthe
two missions,aswell asshortterm(daily) deformationbetweensuccessivepasseson the
samemissions.A verticaldeformationof up to 14cm wasobservedoveranareaof
severalkm2aroundthevolcanoin thetimebetweenthetwo flights. Comparisonswith
GPSfield measurementsshowedthatwhile themaximumdeformationagreedto within 2
mm, estimatesof thedeformationdid not correspondto thefield measurementsat any
onepoint in thefield, implying thattheradardatacandetectgeneraldeformationtrends
over largeareas,butnot exactgeographicalvalues.It wasalsofoundthattheL-band
datawassuperiorto theC-bandfor vegetatedareasfor theseanalyses.

C andL-bandmulti-polarizationdatawerealsousedto mapareasof floodedforestsin
theAmazonrainforestandto discriminatebetweenvegetationclassescorrespondingto
watertolerance.Thisstudywaspartof anongoinginvestigationto quantifymethane
fluxesandproductionof Amazonrainforests.Vegetationclassescorrespondingto
differentratesof methaneproductionweresuccessfullyidentified.

Precipitation and Climate

Precipitation and climate studies focused on the use of multifrequency, multipolarization

radar data to estimate rainfall rates and classify precipitation types and to observe glacier

dynamics. The shuttle missions afforded the unique opportunity to observe storm

dynamics associated with Cyclone Odille (April, 1994) and Typhoon Seth (October,

1994) using a variety of radar frequency/polarization configurations. Quantification of

rainfall rates was approached as an inversion problem, i.e., to estimate the radar

parameters most likely to have produced the observed scattering profile. As such, the

collected data provided an opportunity to develop and test inversion algorithms to be

employed with the Tropical Rainfall Measuring Mission (TRMM) satellite that was
launched in 1997. Rainfall profiles were obtained from the C-copolar (VV) and X

copolar (VV) scatterometer data. The inversion algorithm demonstrated that rain rates
could be estimated within small error bounds at higher altitudes (> 7 km), but that error

increased greatly at lower altitudes and was greatest at heights less than 5 km. Rainfall

mechanisms could also be accurately discriminated, as convective rainfall was separated

from strafiform dynamics.
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Thereis arelationshipbetweenglacierdynamicsandlongtermclimatechange.Northern
latitudeglaciersin Austriawerestudiedaswell assouthernglaciersin Chile. Thefocus
of thestudieswasto maptheextentof theglaciers,estimateicevelocities,observe
glacialcalving(separation),andattemptto identify areaswithin theglacierfield of
accumulationor ablation. In somecases,equivalentwatercontentof glacialsnowpack
wasalsoestimated.Glacierdynamicsarestudiedby radarinterferometry; thephase
differencesbetweentwo imagesacquiredat differentpassesatthesameincidenceangle
arerelatedto thesurfacedisplacementof theglacier. In thiscase,theL-bandandC-band
datawereacquiredoneachpassataspatialresolutionof about30m, andthe
interferogramswerecomputedfor eachband. Imageanalysiscanbeemployedto
determinethedirectionandrateof iceflow andto identify areaswhereice is
accumulatingor abating.TheMorenoGlacierin thesouthernPatagoniaicefieldshowed
adisplacementof about17cm/dovertheperiodof the Octobermissionto anaccuracy
of 2 crn/d,andthattheglaciershowsanetannualaccumulationof 5540mmof
equivalentwaterto anaccuracyof +/- 500mm.

SurfaceMapping and Topography

The surface mapping investigations associated with the April and October 1994 shuttle

missions were focused on the development of relationships between measured

backscatter from the SIR-C/X-SAR radars and surface roughness and topographic

characteristics. A foreground/background inversion scheme was able to separate surface

roughness signal from background noise through filtering of the different radar

frequencies. However, the signal to noise relationship was a significant function of

roughness scale and frequency. Large scale features could be accurately identified as

could small scale features to some degree. Intermediate scale features were more

difficult to identify. It was possible to identify four levels of surface features from the

data; however, it was concluded that a stable algorithm must sacrifice roughness

resolution.

Summary and Conclusions

Due to the nature of earth science investigations, it is not to be expected that some

fundamental breakthrough in understanding of the physical or biological processes under

observation could be realized from one or more short term remote sensing missions. The

measurements obtained during these missions represent mere snapshots of the processes

under the particular set of environmental conditions which prevail at the time of the
missions. Thus, fundamental knowledge of the processes must be gained from repeated

observations under the full range of conditions which can occur at the test sites, and

enough sites must be tested in order to gain sufficient information to make informed

inferences. This is necessarily a slow and tedious process. However, progress can be

made from discrete missions such as the two SIR-C/X-SAR flights in three categories:

Clear demonstrations of the capability of active microwave instruments to measure

some processes that have important scientific or practical value, and thus provide

impetus for further mission or satellite development.
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Developmentandtestingof algorithmsthatcanbeemployedwith currentsatellitesor
otherinstrumentsto enhancetheirproductivityor usefulness.
Advancebasicalgorithmdevelopmentto usemicrowavebackscattermeasurements
to observeandunderstandimportantphysicalorbiological processeswith scientific
or practicalimplications.

It is clearthattheSIR-C/X-SAR missions made significant contributions in all three of

these areas. Clearly, the most important of these is the very significant results in the first

category. In the areas of forest mapping and biomass estimation, ocean wave
observations, rainfall quantification, snow cover mapping and estimation of water

content, glacier observations, and crustal deformation associated with volcanoes and

earthquakes the SIR-C/X-SAR results provided convincing evidence of the ability of the

instruments to provide accurate measures of quantities associated with these important

processes. The results of these missions contributed significantly to the utility of the

Tropical Rainfall Measuring Mission (TRMM) satellite launched in 1997 to observe and

quantify tropical rainfall and to the decision by NASA to design and launch an active
microwave satellite (Lightsar) within the next two years. The operation of these satellites

has the potential to make tremendous contributions to basic science and may have great

practical impact on the lives of the people of the Unites States and elsewhere.

? z
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Microgravity Sciences

Microgravity Fluids and Combustion Research

The study of the behavior of fluids in microgravity is fundamental to the understanding of

virtually all other microgravity sciences since the suppression of fluid flows resulting

from buoyancy effects is the primary reason for most microgravity experiments. (The

exceptions being cases in materials science where the hydrostatic head may cause
deformations in extremely weak solids or in the life sciences where there is evidence that

the unloading of the cytoskeleton may be responsible for altered cellular behavior.) As a

result, many of the fluids experiments were aimed at providing information to support the

materials science experiments. One of the striking features in much of the research on

the behavior of liquids in space is the importance of capillary or interfacial phenomena

after buoyancy effects are essentially removed. Clearly these phenomena are present in

normal gravity, but are usually neglected because their effects are often masked by

buoyancy-driven flows. The ability to uncouple gravity effects from non-gravitational

effects, so that the latter can be studied in more detail, has been one of the primary

justifications for the study of fluid phenomena in microgravity.

Combustion experiments in microgravity are a special case of fluid experiments in which

chemical reaction must be included. However, the motivation for performing this class

of experiments in space is basically the same; the need to separate gravity-related from

non-gravity related effects and to use the simplifications obtained by effectively

eliminating convective transport in order to gain a better understanding of the basic

principles involved. It is also important to understand combustion in the virtual absence

of gravity to develop design criteria and emergency procedures for dealing with fire

safety in the operation of manned laboratories in space.

Capillarity Effects

Capillarity effects are responsible for liquids wetting and spreading over surfaces (or

failing to wet and spread). Water will rise in a clean glass capillary tube as the surface

tension pulls the column of water up the tube until its force is balanced by the weight of

the column. Without gravity, the liquid will continue to rise until it fills the tube.

However, this can only happen if the water wets the surface. By this, we mean that the

presence of the water lowers the surface energy of the glass such that the free energy of

the system is reduced. Mercury, for example, does not wet glass, hence a column of

mercury is forced downward in a capillary tube.

Atoms or molecules in the interior of a solid or liquid have molecular bonds with their

nearest neighbors which lower their energy. (Energy must be added to vaporize the
material in order to free these molecules.) All surfaces have an excess of energy

(compared to their interior) because some of the bonds are not satisfied owing to the lack

of nearest neighbors. In the case of water on clean glass, the water molecules partly

satisfy the bonds on the surface of the glass, but there is still an excess of energy, called
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the interfacialenergy,dueto thefact thatthewater-to-glassbondis notasstrongasglass
moleculebonds. Of course,thewateralsoh_asasurfaceenergy(which in liquidsis
calledthesurfacetension),so it costsenergyfor the liquid to spreadover thesolid.
Understaticconditions,in theabsenceof otherforces,theconfigurationof a dropof
liquid on asolid is determinedby thebalanceof theforcesassociatedwith thesesurface
energies.Thecontactangle,which is the interioranglebetweentheliquid andsolid,is
relatedto thesurfacesenergiesby Young'sequation,Yt.vcos0 = Ysv- Yts, where 0 is the

contact angle, YLv is the liquid-vapor surface energy or surface tension, Ysv is the solid

surface energy and Yts is the interfacial energy between the liquid and the solid. One

may see that the contact angle will be less than 90 ° when the liquid-solid interfacial

energy is less than the solid-vapor surface energy and we say the liquid wets thew solid.

If the liquid-solid interfacial energy is greater than the solid-vapor surface energy, as is

the case between mercury and glass, the contact angle is greater than 90 ° and the droplet

tends to bead up on the solid surface. (Under certain conditions, in the absence of gravity,

the droplet will actually be repelledfrom the surface.), if the sum of the solid-liquid

interfacial energy and the surface tension is equal or less than solid-vapor energy, the

contact angle goes to zero and the liquid will spontaneously spread over the solid surface.

Such a liquid is said to be perfectly wetting.

In normal gravity, the hydrostatic energy generally overwhelms the capillarity forces;

hence their effects are manifested only in the vicinity of the liquid-solid wall contact

where they form a meniscus. However, in microgravity capillarity forces determine how

a liquid will be distributed in a partially filled container. The situation becomes more

complicated under dynamic conditions in which the contact line is required to move.
There is a sort of static friction or stiction that tends to restrict the motion of the contact

line and this stiction depends on whether the contact line is advancing or receding. It

becomes important to understand how these forces operate in order to be able to design

fluid systems that will operated predictably in space. Example include being able to

control the distribution of fuel in a tank or designing an anti-spread barrier to restrict the

motion of a liquid in an open container.

A variety of experiments were conducted in which the configuration of liquids in a

partially filled containers was observed as the container were rotated and shaken. The

results were compared against computer models to determine how well such effects

could be predicted. One particularly interesting set of experiments involved the behavior

of liquids in chambers in which the fluid configuration was mathematically indeterminate

(e.g., different configurations had the same configurational energy) in order to see how

nature would deal with this situation.

Floating Zones

Microgravity offers the possibility to conduct experiments with free liquid surfaces on a

scale not possible on Earth. One process of interest to materials scientists is the use of a

floating zone for crystal growth. A molten zone is created in a rod of feed material and is

traversed along the rod. New feed material enters the advancing zone and a single crystal
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canbegrownattherecedinginterface.Themelt is supportedby its surfacetension,thus
eliminatinganywall contact,whichcouldcontaminatethemelt andinducevarious
growthdefects.Unfortunately,thesizezonethatcanbesupportedby surfacetensionif
limited to only afew millimetersinnormalgravity.

Of primaryinterestisthestability of suchzones.More than100yearsago,Lord
Rayleighshowedthatacylindrical liquid columnwouldbecomeunstableandbreakif the
lengthexceededthecircumference.But whathappensif thezoneis notcylindrical? Or
vibratedby mechanicaldisturbancesin thespacecraft?Or if it is rotated,which is
sometimesdoneto evenoutasymmetriesin heating?Manyof thesequestionshadbeen
approachedtheoreticallyandexperimentallyusingneutrallybuoyantimmiscibleliquids
similar to thework carriedoutby theBelgiumphysicist,Plateau,overahundredyears
ago.But theseconfigurationshadneverbeentestedin anactualmicrogravitysituation.
As wasdiscoveredwhenanunexpected"jump rope" or C-modeinstability showedup in
asimplerotatingliquid zoneexperimentonSkylab,thepresenceof aneutralbuoyant
solutionin aPlateautank is adifferentboundarycondition,whichcanoftenchangethe
resultof anexperiment.UsingtheFluid PhysicsmoduleonSL-1 andD-l, theability to
modelthebehaviorof suchzonesandto predictvariousinstabilitieswasconfirmed
experimentally.

Thesurfacetensionof a liquid is alsoinfluencedby thepresenceof electricfields andcan
play animportantin miniaturefluidicssystems,whichuseelectrocapillarityeffectsfor
pumpingandmanipulatingfluids. Presently,the"leaky dielectric"theory"developedby
G.I.Taylor in 1966is theonly electrohydrodynamictheoryapplicableto this
phenomenonandthis theoryhadremainedlargelyuntested.It wasshownontheLife and
MicrogravityScience(LMS) flight thatliquid columnscouldbestabilizedatlengthswell
beyondtheRayleighlimit by applyingstrongDC fields. However,contraryto the
theoreticalpredictions,AC fieldsfailedto stabilizethe liquid columnsat frequencies
abovethefreechargerelaxationtimes andahysteresiseffectwasseenin thefield
requiredto stabilizethezonethatdependsonwhetherthefield is increasingor
decreasing.Now theinvestigatorteamis sortingoutwhichaspectsof Taylor's theoryare
correctandwhichpartsneedimprovement.

SurfaceTensionDriven (Marangoni)Convection

In float zonecrystalgrowth,therewill bethermalandcompositionalvariationsalongthe
axisof thezone.Sincesurfacetensionis afunctionof bothtemperatureand
composition,theunbalancedsurfaceforceswill causeflows alongthesurfacethatare
oftenreferredto asMarangoniflows aftertheItalianphysicist.Thesereturnflows in the
interiorof thezonewill tendto mix components,whichmayormaynotbedesirable,
dependingon theexperiment.AboveacertainMarangoninumber,adimensionless
parameterthatmeasurestheratioof heatconductedby theflow to theconductedheat,
theflowsbecomeunsteady,a situationthatmustbeavoidedin acrystalgrowth
experiment.Againtheability to modelsuchflows andto predicttheonsetof unsteady
flowswasexperimentallyconfirmedby theexperimentsonSL-1andD-1.
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Surfacetension-drivenflows alongplanarsurfaceareimportantin manyprocesseson
Earth,suchascrystalgrowthusingtheCzochralskiprocessandpoolburning(theseflows
maybeseenin thewaxpool of aburningcandleastheybringnew fuelup to thewick).
In Earth'sgravity, theseflows arein competitionwith buoyancy-drivenflows andit is
difficult to sortout thetwo effects. Microgravityoffers thepossibility to studysuch
flowswithout the influenceof gravityandwerethetopicof avarietyof experimentsona
numberof missions.Oneof thecontroversiesin the ability to predicttheonsetof
unsteadyflows, wastherole of surfacedeformation.This issuewassettledonUSML-2
whenit wasshownthat acritical Marangoninumberalonewasnot sufficientto predict
theonsetof instabilityandthat anadditionalsurfaceparametermustbespecified.

Bubble,Drop,andParticleInteractions

Thebubble,drop,andparticleunit (BDPU)developedby ESA andflow onD-2, IML-2,
andLMS, provedto beanexcellentworkhorsefacility for a varietyof experiments
rangingfrom thebehaviorof dropsandbubbleto poolboiling andeven
electrohydrodynamics.A dropor bubblein athermalgradientwill haveunbalanced
interfacialforcesalongits surface,whichwill tendto propelit in thedirectionof lower
interfacialenergy(usuallyfrom cold to hot).In 1959Young,Goldstein,andBloch
developedatheoryrelatingthemotion of thedropto theMarangoninumber. Sincethey
did not haveaccessto amicrogravityenvironment,theytestedtheir theoryby balancing
thesurfacetensionforcesagainstbuoyancyforcesonverysmallbubbles.Oneof the
controversiesin their theorywastheir assumptionof asphericaldrop andif thedrop
wouldbedeformedunderthecombinedeffectsof interfacialtensionandStokesdrag.
Motion of dropsandbubblesin temperaturegradientsis importantin manymicrogravity
processessuchastheremovalof unwantedbubblesin solidificationexperimentsandin
phaseseparationin systemscontainingimmisciblephases.

A varietyof experimentswereconductedto testtheYoung,Goldstein,andBloch model.
It wasshownthat indeedthedropsremainsphericalandthattheydo movein the
directionof decreasinginterfacialenergy,but themodelis only correctin the limit of
zeroMarangoninumber(verysmallsize)sincethemodelneglectstheheattransferfrom
theMarangoniflow. Also it wasfoundthatbubblemotioncanbe retardedby the
presenceof certaincomponentssuchasphenolgroupsin siliconeoil whichgive riseto a
"surfacedilitational viscosity". Similareffectspreventedbubblemotionin experiments
usingtetracosane(moltenparaffin).

Sincethevelocity of adropor bubbledependsdirectlyon theradius,largerdropswould
beexpectedto overtakeandengulfsmallerdrops.Thiseffectis believedto beoneof the
mechanismsin theagglomerationof minority phasedropletsduringthesolidificationof
monotecticalloys. However,it wasfoundthatasmalldropleadingalargerdropcan
slowthemotionof thelargerdrop. Whenmultiple dropsarepresent,theydonot always
follow a straightpathacrossthechamber,assingledropsdid. Instead,theyfollowed a
sinuous,helicalpatharoundtheir expectedtrajectory.Sometimesa largertrailing drop
would actuallymovearoundandpasstheleadingdrop.It isbelievedthatsucheffectsare
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causedby thermalwakesleft by themovingdropletsthatperturbthe imposedthermal
field.

PoolBoiling

It is generallyassumedthatheattransportin boiling is largelytheresultof buoyancy
drivenconvectiveflows. Thebubblesthatnucleateon thehotsurfacerise,carryingtheir
latentheatwith them. Similarly, thehot liquid nearthesurface,beinglessdense,will
rise,causingoverturningflows, whichalsocarryheataway. Thepracticeof cooling
smallelectronicdevicesby immersingthemin apool of dielectricliquid with appropriate
vaporpressure,suchasaFreon,wasconsideredbymanynot to befeasiblein space
becauseit wasassumedthatvaporwould form aroundthedeviceresultingin inefficient
heattransfer.However,this assumptionwasshownto be incorrecton theLMS flight.
Smallheatersin theform of copperdiscs1to 3 mmin diameter,representingelectronic
components,wereimmersedin Freon123.Surprisingly,themeasuredheattransfer
coefficientswereonly slightly lessthanthosemeasuredin unit gravity. Thermocapillary
jets wereobservedwhichappearto beaneffectivemodeof heattransferin microgravity
andshouldalsobeeffectivein terrestrialboiling. Theseresultsmaycausethetheoriesof
boiling in normalgravityto berevisitedandit maybepossibleto designsystemsthat
takeadvantageof capillarity effectsalongwith buoyancyto improvetheefficiencyof
boilersonEarth.

DropDynamics

Theability to suspendandmanipulateliquid dropsin microgravityprovidesan
opportunityto testanumberof classicaltheoriesdescribingtheoscillationsof liquid
spheres.Conformationof thesetheoriesusingatethereddroponSpacelab1andthedrop
physicsmoduleonSpacelab3,USML-1, andUSML-2 wascrucialto theuseof these
theoriesto obtainvariousthermophysicalpropertiesof materialsin their undercooled
stateonMSL-1R.Theadditionof variousdetergentsto thedropsonUSML-2 illustrated
howmaterialspropertiessuchasdynamicsurfacetensionandshearaswell asdilatational
surfaceviscositiescouldbeextractedfrom suchmeasurements.

Thedropphysicsmodulewasalsousedto testthetheory,developedby Chandrasekhar,
describingthebifurcationof rotatingdropsthattransitionsfrom anoblatespheroidto a
"dogbone"shape,which thenfissionsinto two droplets.This theoryhasbeenappliedto
doublestarformationaswell asto the liquiddrop modeldescribingnuclearfission.
Earlierdeviationsfrom theoryseenonSpacelab3,werefoundto havebeenaneffectof
dropflatteningfrom theacousticpressureandthatthetheorywascorrectin the limit of
sphericaldrops.

Otherinvestigationscarriedout in thedropphysicsmoduleelucidatedthemechanismsby
whichcorecenteringtakesplacein compounddropsandliquid shells. Also non-linear
effectsfrom largeamplitudeoscillation,which eventuallyleadto chaoticbehavior,were
investigated,Theformerstudyhasapplicationto thefabricationof targetshellsfor
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inertially confinedfusionexperiments,while the latterappliesto methodsfor increasing
theevaporationand/orcombustionof droplets.

CriticalPointPhenomena

A numberof peculiarthingshappenin thevicinity of a secondorderor critical phase
transitionsuchastakesplaceattheterminalpoint of thecoexistenceregionbetweena
liquid andits vapor. Manyof thethermodynamicpropertieschangedramatically near
thecritical point, e.g.,thevelocityof soundaswell asthethermaldiffusivity goesto
zero,while theheatcapacityandcompressibilitybecomesinfinite. Othersystems,such
asamagneticsystemneartheCuriepoint (thetemperatureat whichthermalmotion
becomessufficientto destroythemagnetization)or thedemixingof ahomogeneous
liquid into two immiscibleliquids at thecritical consolutetemperature,exhibit similar
behavior.Thedivergenceof certainparametersnearthecritical point in eachof these
systemsshowthesameexponentialbehavior,thusleadingto thetheoryof universal
behaviornearacritical phasetransition,regardlessof thesystem.KenWilson was
awardedtheNobelPrizein 1982for applyinggrouprenormalizationtheoryto determine
theexponentialbehaviorof thesediversesystemsnearacritical point.

Sincethecompressibilitydivergesnearthe liquid-vaporcritical point, eventhesmallest
temperaturedifferencecancausevery strongconvection,thusmakingit difficult to make
measurementsnearthecritical point on thegroundwhich areneededto obtainaccurate
valuesof thecritical exponent.Severalearlyattemptsto measurehow theheatcapacity
divergesneartheliquid-vaporcritical point onD-1 werefrustratedby thevery longtime
it tookto approachthecritical point becausethethermaldiffusivity becomesvanishingly
small. However,in theprocess,a newmethodfor rapidheatingby isentropicexpansion,
calledthe"piston effect",wasdiscovered.Usingthis techniqueonD-2, heatcapacity
measurementsweremadeonly 0.9mK awayfrom thecritical point,whereasthebest
groundbasedmeasurementscouldonly bemadel5-20mK awayfrom thecritical point.
Thecritical exponentialterm agreedwith thetheoreticalvalueto within experimental
error.

Anotherexperimentcircumventedthe problems with the liquid-vapor critical point by

choosing to measure the heat capacity associated with the transition of liquid helium to

superfluid helium, the so-called lambda transition because the shape of the heat capacity
curve resembles the Greek lambda. In microgravity, it was possible measure to within a

few nK of the critical point, almost 100 time closer than in normal gravity. This

experiment, flown on USMP-lhas provided the most accurate test of Wilson's theory.

A follow-on experiment on USMP-4 extended the heat capacity measurements near the

lambda-point in which the He is confined to a spacing of 57 microns by carefully
machined Si discs. The objective is to test scaling predictions for the transition to a lower

dimension system. Normally, this transition takes place only when the dimension is on

the order of Angstroms, but in semiconductors it can be as large as 0.1 micron, a length

being approaches by modem electronics. Since the correlation length diverges near a

critical point, the distance over which the transition occurs can be greatly magnified.
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Attemptsarenowbeingmadeto correlatethedatafrom theflight experimentwith
theoryandothermeasurements.

GeophysicalFluid Flow Studies

Thegeophysicalfluid flow cell, flown onSL-3andagainonUSML-2, madeuseof
microgravityto studythethree-dimensionalflow in arotatinghemisphericalshellwith an
electricfield providingthegravity-likecentralforce. By varyingtherotationrateand
heatingmode,this facility couldsimulateflows in planetaryatmospheresaswell ason
thesunor in theEarth'smantel. A varietyof interestingflow structureswereobservedas
rotationratesandequatorto poleheatingwasvaried. Theobservedflows wereusedto
check3-dimensionalcomputationalmodels.Rotationwith sphericalheatingproduced
bandedpatternsnotseenbeforein numericalsimulationsandmayprovideanalternative
view of themechanismsresponsiblefor theobservedstructureof theJovianatmosphere.

In slow rotationexperiments,climatic"states"in theform of two distinct convective
patternswerefoundto existwith thesameexternalconditions,differing only by the
initial conditions.Thesepatternsarepersistentandareinsensitiveto smallchangesin the
extemalconditions.Datawasobtainedonhow thesesstatebreakdownunderlarger
changesin operatingconditions.Thetransitionfrom anisotropicnorth-south"banana
convection"to themoreisotropicconvectionwasstudied.This informationmayleadto a
scalingargumentfor classifyingdifferentplanetaryatmospheres.

Otherexperimentswith latitudinalheatingshowevidenceof baroclinicwaveinstabilities
andsuccessfullyshowedhow spiralwaveconvectionbreaksdowninto turbulence.

CombustionExperiments

Therearetwo compellingreasonsfor thestudyof combustionin microgravity. Oneis
theissueof fire safetyin thedesignandoperationproceduresof orbiting laboratories;the
otheris takeadvantageof theweightlessstateto studycertaincombustionphenomenain
moredetailandto testvariousmodelsin which convectionhasbeenignoredin orderto
bemathematicallytractable.

Asexamplesof thefirst categoryof experiments,smolderingcombustionandwire
insulationflammability studieswerecarriedoutusingthegloveboxonUSML-1.
Smolderingcombustioncanbeextremelydangerousin a spacestationsinceit canremain
virtually undetectedfor sometime,but the increasedtemperature,dueto theabsenceof
convectionto carry theheataway,cangreatlyincreasetheamountof toxic fumes
generated.Thewire flammability studieswerecarriedoutbothwithout convectionand
with forcedconvectionto simulatethebehaviorof possibleelectricalfire in space.

Thegeometryandbehaviorof acandleflamewasstudiedusingthegloveboxonUSML-
1. Fibersupporteddropletcombustionexperimentswerecarriedout onUSML-2. By
tetheringthedropletsona siliconfiber, theycouldbekept in thefield of view of the
videorecordersothat theburningrateandotherparameterscouldbe recorded.The
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objectiveis to testtheoriesof dropletcombustionandsootformationthatareof
importanceto improvingtheefficiencyof internalcombustionengines,gasturbine
enginesaswell ashomeandindustrialoil burningheatingsystems.Microgravityallows
to dropletsizeto be increasedto asmuchas5 mm sothatthecombustionprocesscanbe
studiedin detail. Oncethetheoryis developed,its predictionscanthenbescaledbackto
thedropletsizesusedin theactualcombustionprocesses.

Sootformationin laminarflameswasstudiedon theMSL-1R missionalongwith the
Structureof FlameBalls atLow LewisNumbers(SOFBALL) experiment.In the latter
experiment,acontainerwasfilled with variouscombustiblemixturesneartheir leanlimit
of combustion.A flameball wascreatedby anelectricalspark. A stationaryspherical
flamefront developsasfuel andoxygendiffuseinto andheatandcombustionproducts
diffuseoutof theflameball. This is thesimplestpossiblegeometryin which to studythe
chemicalreactionsandtheheatandmasstransportof leancombustionprocesses.Over
50yearsago,Zeldovichfoundthattheequationsfor steadyheatandmassconservation
hadasolutioncorrespondingto astationaryflame front, buthealsoshowedthatthe
solutionwasunstable.Hedid,however,considerthepossibilitythatheatlossmightbea
stabilizingfactor,which is apparentlythecasesincesomeof theflameballs lastedthe
full 500secondsuntil theexperimenttimed-out. It is expectedthattheseexperiments
will providenewinsightoncombustionprocessesin theleanburninglimit, which are
importantin improvingtheefficiencyof enginesandheatingsystems.

Materials Science

Material science experiments carried out on Spacelab fights ranged from metals to

glasses and ceramics with the bulk of the work focused on alloys and single crystal
semiconductors. The alloy solidification experiments generally fall into three general

categories: (1) experiments designed to understand how the microstructure evolves

during solidification, (2) studies of interfacial effects that control the distribution of

second phase particles, and (3) measurements of thermal physical properties.

Evolution of Microstructure

The strength and other properties of an alloy depends on its microstructure which is

characterized by the size, orientation, and composition of the grains that make up the

solid. One of the main tasks of a materials scientist is to design solidification processes

to produce the microstructure that will give the material the desired properties. With the

present computational capability, it is possible to design a complex mold so that the heat

and mass flow will produce the desired microstructure throughout the final casting.

However, in order to do this, the basic laws governing the development of the

microstructure must be known along with the thermophysical properties of the

components. Establishing the physical basis for the various laws that describe the

solidification process has, over the last half-century, transformed metallurgy from an

industrial art based on empiricism to a more exact science. Because of the complicating

effects of convection, many of the laws in use today are based on theories that assume no

convective flows. We know that they don't apply exactly, but we use them anyway,
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assumingtheyarebasicallycorrect, andthentry to fix themupby addingtheeffectsof
convection.But mostof thesetheorieshaveneverbeentestedin theabsenceof
convectionsovarioussubtletiesmayhavebeenoverlooked.Theability to experimentin
microgravityprovidesanopportunityto testsomeof thesetheoriesto makesuretheyare
basicallycorrect.

Oneexampleis thetheorydevelopedin 1968by JacksonandHunt that describesthe
microstructureof aeutecticalloy whenit is solidified. Whenaeutecticalloy solidifies,it
separatesinto two solidphaseswith differentcompositionsthatform parallellamellas
alongthedirectionof solidification. JacksonandHuntshowedthatthespacingbetween
theselamellatimesthesquareof thesolidificationvelocity is aconstantthandependson
thediffusioncoefficientandotherpropertiesof thematerialinvolved. Sinceaeutectic
solidifiescongruently,i.e., ameltof uniformcompositionis transformeddirectlyinto a
two-phasesolid,thereis little chancefor convectionto act,evenin agravity field and,
indeed,thetheoryseemedto becorrect. However,severalearlyflight experimentfound
alargerspacingin their flight samplesthanin their groundcontrolsamples.This raised
someinterestingquestions.Wastheresomethingwrongwith theJackson-Huntmodel,or
wassomethingelsegoingon in themicrogravityenvironmentthatmight accountfor the
differentspacing?Onehypothesiswasthatthermaldiffusion,sometimesreferredto as
theSoreteffect,might theshift thecompositionof themeltatthesolidification interface
awayfrom theeutecticcomposition,whichcouldaccountfor thedifferent spacing.Soret
diffusion is verydifficult to measureon thegroundbecauseof convectiveremixing.
Anotherhypothesisis thatmicroconvectionoccursin themelt in thevicinity of the
solidificationinterface thatincreasestheeffectivediffusionratethat governsthe
separationof thetwo phases,resultingin acloserspacingin agravity field.

A seriesof eutecticsolidificationexperimentswerecarriedout onSpacelab1,D-I, and
D-2. All but oneexperimentfoundincreasedlamellaspacingin theflight samples.
Although Soret diffusion may been the dominant effect in some of the systems, there

were no apparent compositional shifts in the others, which argues for the
microconvection theory. Apparently, the Jackson-Hunt model works in normal gravity

because the diffusion coefficient and other properties are not known precisely enough to

calculate the Constant accurately. (See later discussion concerning the measurement of

diffusion coefficients)

In. most alloy systems, all components in a melt do not enter the solid lattice at the same

rate, resulting in a buildup of the rejected component in the melt ahead of the growing

solid. This compositional shift raises the local freezing temperature in the melt ahead of

the solidification front. If a uniform composition is required in the final solid, as is

usually required when growing single crystals of electronic materials, the material must

be directionally solidified and a sufficient thermal gradient must be maintained ahead

of the solidification front to assure that the temperature is everywhere above the local

freezing point. Otherwise, the material becomes constitutionally undercooled, the plane

solidification front breaks down and dendritic (fir tree-like) solidification occurs.
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Thetransitionfrom planefront solidification to dendriticsolidificationhasbeenstudied
extensively.A simplecriterionfor thegradientrequiredto stabilizethesolidification
front wasdevelopedin 1953by RutterandChalmers,which is knownasthe
constitutionalsupercoolingor CStheory. Later,Mullins andSekerkaappliedlinear
stability analysisandobtainedamorerefinedtheoryfor interfacialbreakdown.

TheFrenchdevelopeda sophisticatedapparatusfor studyingthetransitionfrom plane
front to cellular to dendriticsolidification whichmeasurestheSeebeckvoltageat the
melt-solid interfaceto determinetheamountof undercoolingrequiredto advancethe
solidificationfront andto detectto onsetof interfacialbreakdown.Theofficial nameof
theapparatusisMaterialsfor theStudyof InterestingPhenomenaof Solidificationon
Earthandin Orbit or MEPHISTO.Oneof theobjectivesof theflight onUSML-1wasa
definitive testof theMullins-Sekerkatheoryin facetingaswell asnon-faceting eutectics.
Theapparatuswasalsousedto investigatetheeffectof transientaccelerationfrom a
thrusterfiring on thesolidificationfront.

In metallicsystems,afine grainedstructureis oftenpreferredandthedendritearmsplay
an essentialrolein theevolutionof themicrostructure.Therefore,it is necessaryto
know how dendritesgrow in orderto designa givenmicrostructurein acasting.
Dendritescanform whensolidificationtakesplacein amediumwherethesurrounding
temperatureis lower thanthelocal freezingtemperature.This situationcanoccureither
by constitutionalundercoolingin thecaseof alloysolidification,or by thefact thata
certainamountof undercoolingis requiredto nucleatethesolid from eitherthemelt or
thevapor. A classicexampleof the latter is theformationof icedendrites(snowflakes).
Their intricateshapeshavefascinatedscientistsandphilosophersalike, andthestudyof
their formationis theconfluenceof purephysicsfrom thepoint of view of pattern
formationandmaterialsciencewhoseinterestis in theevolutionof microstructurein
alloys.

A first attemptto modelthegrowth of adendritewasmadeby Ivantsovwho
approximatedthetrunk of adendriteasaparaboloid of revolutionandsolvedtheheat
flow equationthatdescribedtheflow of theheatof solidificationinto thesurrounding
medium. Hewasableto obtainthegrowthrateV asafunction of tip radiusR. However,
thereseemsto beno fundamentalrelationshipthatwouldselecteitheraspecifictip radius
or growthratein asolidificationprocesses.Thequestionbecomes,how doesnature
selectauniqueoperatingstate? Experimentalobservationsof puresystemssuggestthat
V R2is eithera constantfor aspecificmaterial,or aweaklyvaryingfunction of the
undercooling.A largebodyof terrestrialdatahasbeentakenon severalsystems,but
convectioneffects,especiallyin thecrucialregionof low undercoolingswherethe
growthrateis comparableto theconvectiveflow velocities,havepreventedanadequate
testof theselectionrulesgoverningthis process.Thiswasthemotivationbehindasetof
flight experimentscarriedout onUSMP-2,3, and4.

Dendritesweregrownin transparentorganicmetalanalogs,succinonitrilewhich
solidifiesin abody centeredcubic structure,andpavalicacidwhich solidifiesin aface
centeredcubicstructure.Theuseof transparentsystemsallowsdirectobservationof the
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growthprocessfrom whichgrowthandotherdatamaybeextracted.Themeasured
productof tip radiusandgrowthvelocityin microgravityfallsmuchcloserto the
Ivantsovsolutionthantheterrestrialdata. Theslight deviationsmaybeattributedto the
formationof sidebrancheson thedendrites,possiblewall effectsfrom thegrowth
chamber,andthefact theobservedshapeof thedendritetip is a slightly different shape
from theparabolaassumedin theIvantsovsolution.Now thattheheattransferaway
fromthegrowingdendriteis properlyaccountedfor, thephysicsof shapeselectioncan
beapproachedwith reliabledata. A largenumberof highlydetailedphotographsof
dendritesgrowingundercarefullycontrolledandwell documentedconditionsarenow
beingusedto studyotheraspectsof dendritegrowthsuchasthesidearmgrowthrates
andspacing.

In themeantime,investigatorsonD-1took advantageof thelargerdendritesobtainedby
solidifyinganaluminum-copperalloy at low velocitiesin microgravity. By taking
multiplecrosssections,theywereableto reconstruct,for thefirst time, anactual
dendriteformedin anopaquealloysystemof practicalinterest.The resulting
reconstructionprovidedvaluableinformationon thesecondaryandtertiaryarmspacing
andon theripeningof thedendritearms. OntheLMS missiongrainrefining innoculants
wereaddedto thesystemorderto promotethenucleationof smallgrainsaheadof the
solidificationfront whichgrowdendriticallyin all directions,thusforming equiaxed
dendrites.This allowedatestof asimpletheoryproposedbyHunt whichrelatesthe
transitionfrom columnarto equiaxeddendritesto theundercooling,thethermalgradient,
andthenumberof nuclei,but ignorestheeffectsof convection.

Ostwaldripeningis responsiblefor graingrowthandcoarseningof thedispersedphasein
dispersionhardenedalloys. Theoriginal theorydescribingthis effectwasdeveloped
independentlybyLandauandSlyozovandby Wagnerandis knownastheLSW theory.
But their theoryisbasedonameanfield approximationwhich ignoresthepresenceof
otherparticles.Severaltheorieshavebeenproposedto correctfor finite volumefractions
of thedispersedphasebut give quitedifferentresults.Microgravity experimentshave
provideddatain moltensystemswithoutthecomplicatingeffectsof convection,but are
awaitingmoreaccuratethermophysicaldatain orderto properlyevaluatethecompeting
theories.It is interestingto notethatOstwaldripeningalsoplaysanimportantrole in the
developmentof icegrainswhichdestabilizesnowpacksandcauseavalanches.

Otheraspectsof solidificationwerealsostudiedin orderto refinevariousmodelsthatare
usedto predictthefinal microstructure.Theseincludeliquid phasesinteringandthe
studyof order-disordertransitions.

InterfacialEffects

Whenanadvancingsolidificationinterfaceencountersasecondphaseobjectsuchasa
particle or bubble,theobjectcaneitherbeengulfedby theadvancingsolidor pushed
ahead.Thecritical velocity, abovewhich theparticlewill beengulfed,dependsof the
sizeof theobjectaswell asthethermophysicalpropertiesof boththehostsolidandthe
secondphaseobject. Being ableto predictwhetheranobjectis engulfedor pushedis
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importantin theprocessingof dispersionhardenedalloys,forming fiber-reinforced
composites,andseeminglyunrelatedproblemssuchthedestructioncausedby frost
heave.Severaltheoriesthatpredictthecritical velocity for simplesystemshavebeen
testedandverified on five of Spacelabmissions,but issuesstill existwhenthesituationis
complicatedby adendriticratherthanplanarsolidification front or whensubmicron
particlesagglomerate.Oneof the spaceexperimentsdemonstratedthatsuch
agglomerationwasnotagravityeffectandthatthevanderWaalsforceswerenot
effectivelyshieldedby themelt. Thesefindingsconvincedonegroupof investigators
thatit wasnot practicalto pursueattemptsto form dispersionalloysby casting.

Oneof thefirst applicationsconsideredfor microgravitywastheformationof
hypermonotecticalloys,alloy systemsthathavearegionof liquid phaseimmiscibility.
Whensolidifying suchsystemsthroughtheimmiscibleregionin normalgravity, the
denserliquid immediatelysettlesout, resultingin completephaseseparation.It was
thoughtthatthisseparationcouldbeavoidedby solidifying in microgravity,thusopening
thedoorfor hundredsof alloysthatcannotbeprocessedfrom themelt onEarth. Much to
thesurpriseof theearlyspaceexperimenters,thesealloysalsoseparatedin microgravity,
but for totally differentreasons,manyof whichhadnotbeenconsideredpreviously.
SuchexperimentshavebeencarriedoutonsevenSpacelabmissionshaveproducea
wealthof informationconcerningspinodaldecomposition,nucleationandgrowthof
liquid phases,critical wettingandspreading,andMarangoni-drivendropletmotion.
Theseexperimentsalsohelpeddevelopaterrestrialstripcastingtechniquein which
bismuthdropletsaresuspendedin a moltenA1-Sialloyby balancinggravity forces
againstMarangoniforces. Theresultingsolid is usedasahighperformance,self
lubricatingbearings.

Anotherindustrially inspiredseriesof experimentsexploredtheuseof athin oxide
coatingto supporttheshapeof amoltensample in theabsenceof hydrostaticpressure.
Themotivationwasto eliminatethethermalconductanceof themold duringthe
recrystallizationof superalloygasturbineblades.Socalledsinglecrystalbladeare
actuallyalignedcolumndendritesinterspersedwith the last-to-freezeinterdendritic fluid
. Whenthevery smalloxideparticleswereaddedfor dispersionhardening,theytended
to clumptogether.Without themold,it washopedto beableto applyahigherthermal
gradientsothatplanefront solidificationcouldbeachievedathighenoughspeedsto
engulftheoxideparticles.

Actual turbinebladeswerecoatedwith thin oxidelayersanddirectionallysolidifiedon
D-2. Thecomplexbladeshapewasmaintainedeventhroughcrosssectionalareachanges
for castbladeswithout theoxideparticles.However,theevolutionof trappedgasesin
thebladespreparedusingpowermetallurgicaltechniques,wheretheoxideparticlescould
beadded,causedshapedistortionandtheparticlesstill agglomeratedbecauseof other
mechanisms.Eventhoughthedesiredresultwasnot achieved,this is anexampleof how
anindustrymightusespaceto determinewhattheproblemis not,which canalsobea
valuablepieceof knowledge.
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CrystalGrowthfrom theMelt

Therearemanydifficulties in growingbulk singlecrystalsof variouselectronicand
photonicmaterialsfor useaswindowsandsubstratesfor variousdevices.Sincethe
propertiesdependoncomposition,it is necessarythatthecompositionbeasuniform as
possibleoverthewafer thedeviceis to be fabricatedon. Sincedislocationsscatterand
trapelectrons,thenumberof dislocationsandotherelectrontrapsmustbeaslow as
possible.Smallanglegrainboundariesandtwinseffectdeviceperformanceandmust
alsobeeliminated.

Maintainingauniform compositionis particularlydifficult in thegrowthof multi-

component, alloy type crystals such as Pbt.xSn_Te or Hgl.xCd_Te which are used for

infrared imaging devices. The bandgap of these systems varies with the composition x,
which allows one to tune the detector to the desired bandwidth, but also requires that x be

uniform over the detection area in order for every element to have the same spectral

response. Since the different atoms go into the lattice at different rates, obtaining a

uniform composition becomes a difficult task. Usually such systems are grown by

directional solidification using the vertical Bridgman method to minimize convection.

If the rejected component is more dense than the bulk melt, as is the rejected Hg-rich

component in the case of Hgl._Cd_Te, the system is both thermally and solutally stable.

The Hg-rich layer builds up in a diffusion layer in front of the growing crystal until an

equilibrium is reached in which the Hg atoms enter the growing crystal at the same

composition as they are in the bulk melt. After this transient region of varying

composition, equilibrium growth should continue with uniform composition until the

diffusion region encounters the end of the bulk melt. However, it is necessary to add heat

to the melt through the sides of the growth ampoule and extract it through the growing

crystal. This produces small radial thermal gradients in the melt causing the warmer fluid
near the walls to rise while the cooler melt near the center falls. This circulation distorts

the buildup of the diffusion layer at the growth interface resulting in radial segregation. It

was hoped to be able to avoid these flows in microgravity and grow under diffusion

controlled transport conditions.

Macrosegregation becomes a major problem in Bridgman growth of non-dilute or alloy-

type systems when the rejected component is less dense than the bulk melt, as is the case

in the Sn-rich rejected component of Pbl._Sn_Te. When the diffusion layer builds up to a

certain critical point, the lighter fluid will rise and remix with the bulk fluid. If the

growth system is turned upside down to prevent this from happening, the system becomes

thermally unstable. Thus it becomes impossible to stabilize such a system against

overturning convective flows in the presence of gravity. Coriell performed a linear

stability analysis on such systems that suggested that they might even be unstable in

microgravity. Experiments using the NIZEMI centrifuge showed that Coriell's analysis

was overly conservative since it did not include the stabilizing effects of the ampoule

walls.
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Beingableto stabilize Bridgman-typegrowthsystemspresentsamajorchallenge to the
ability to controltheresidualaccelerationof thespacecraft.Whengravity is removed,
thefavorabledensitygradientno longerstabilizestheHgCdTesystemandtheslightest
transverseaccelerationwill driveconvectiveflows. Thetransportfrom theseflows must
belessthanthediffusivetransportif diffusioncontrolledis to beachieved.If the liquid
diffusioncoefficientis small,asit is for mostof thesystemsof interest,thequasi-steady
componentof thetransverseaccelerationmustbeheldto lessthan0.1micro-g. Since
gravitygradientaccelerationsaretypically ontheorderof 1.0micro-g,theaxisof the
furnacemustbealignednearlyalongtheresidualaccelerationvectorif this conditionis
to bemet.

An attemptwasmadeto align theCrystalGrowthFurnace(CGF)alongtheresidual
accelerationvectoron theUSML-1 mission. However,theforcefrom theventingof the
flashevaporatorsystemon theShuttleresultedin anunanticipated0.5micro-g
transverseacceleration.TheHgZnTeexperiment(similar to HgCdTe) wasaccidentally
terminatedjust asthegrowthwasreachingsteadystate,but theeffectof thetransverse
accelerationcouldclearlybeseenin thecompositionof thesample.HgCdTewasflown
onUSMP-2andPbSnTewasflown onUSMP-3. However,in neithercasewasthe
Shuttleableto providethenecessaryattitudesto satisfytheverydemandingrequirements
neededto providediffusioncontrolledgrowth. Themajorcontributionsfrom these
experimentslies in theextensiveresearchthatwentinto their preparationin theform of
measurementsof pertinentthermophysicalproperties,analyticalandcomputational
modeling,andextensivegroundbasedtestingwith andwithoutstrongmagneticfields.
Themeasuredredistributionof solutein theflight samplesisbeingcomparedwith the
predictedvaluesbasedon theaccelerometerdata in orderto verify andrefinethemodels
thathaveprovidedamuchdeeperappreciationof theimportanceof convectionin
Bridgmancrystalgrowth.

Theunexpected0.5micro-gaccelerationonUSML-1 causedthemelt in aCdZnTe
sampleto benudged againstonewall andbecomedetachedfrom theoppositewall. The
sidethat solidifiedasafreesurfacehada muchlowerdislocationdensitythanthesidein
wall contactandnoevidenceof twin formationwasseen.This confirmsanearlier
observationonasemiconductorsamplethathadpartiallydetachedfrom awall ononeof
theSkylabexperiments.TheexperimentwasrepeatedonUSML-2 usinganovel
ampouledesignthat wouldminimizewall contactwith thesample.Approximatelyhalf
thesamplegrewwith nowall contact,while theotherhalf grewwith partialwall contact.
A secondsamplehadaspring-plungersystemthatforcedthesampleto fill theampoule,
therebyassuringwall contact.Preliminaryanalysisshowedthattwin formationwas
virtually zeroin theregiongrownWithoutwall contact;whereas,thesamplein the
slSring-loadedampoulewashighly strainedattheexteriorandheavilytwinned. This
experimentverifiedthecontentionthatwall inducedstressesareamajorcauseof the
growthdefectsin crystalsof this typegrownonEarth.

Th Europeansusingtheirmirror furnacesonD-1 andD-2, focusedprimarily onvarious
formsof travelling zonegrowth.Sinceonly asmallportionof thematerialis moltenat
anyonetime, steadystategrowthconditionswith uniformcompositioncanbeachieved
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if themelt is eitherdiffusion controlledof if it is completelymixed, so longastheflows
donot fluctuatewith time. Therefore,theaccelerationrequirementsfor thisclassof
experimentsis notasstringentasfor Bridgmangrowth. A numberof compound
semiconductorsystems,includingdopedcompoundssuchasGaAs,CdTe,InP,and
GaSb,aswell astheternaryPbSnTeweregrownby thetravelingsolventzonemethod(a
methodin whichthezonecontainsanexcessof oneof thecomponentsto lower the
meltingpoint). For themostpart,thespace-growncrystalswerefreeof growth striations
andhadlowerdislocationdensitiesthanthegroundcontrolcounterparts.In manycases,
themelthadpulled awayfrom thewalls whichmayaccountfor thefewerdefects,thus
reinforcingthefindingsfrom USML-1 and-2.

Considerableattentionwasalsogivento crystalgrowthusingthefloating zonetechnique
in this seriesof missions.Striationswereseenondoped-Sisamplesgrownon thefirst
Spacelabflight thatcloselyresemblingthoseseenon thegroundcontrol samples.This
provedthattheorigin of thesestriationswasdueto unsteadyMarangoniconvection
ratherthanbuoyancyconvection.However,it wasfoundonaseriesof TEXUS
suborbitalflightsandonD-1 thatathin (5 micron)coatingof amorphoussilica
completelysuppressedtheMarangoniflows.

OntheD-2 flight, GaAscrystals,aslargeas20mmin diameter,weregrown.This is
morethantwice thediameterthancanbegrownby float zonein normalgravity. A
specialheatercontrolledanarsenicsourceto providethenecessaryarsenicoverpressure
to maintainstoichiometry.As aresult,noevidencewasseenof eithergallium or arsenic
precipitates.Theshapeof thegrowthinterfacecouldbecontrolledby controllingthe
heightof themoltenzone.Whentheinterfacewasnearlyflat, thedislocationdensity
droppedto 5x103cma, two orders of magnitude less than typically found in Earth-grown

GaAs. Rocking curve width, which measures the internal order of the crystal, was as low

as 11.6 arc seconds, comparable to best quality crystals grown on Earth. Dopant

striations were observed, which were attributed to unsteady Marangoni convection. A

cobalt-samarium magnet was inserted near the end of several samples to help suppress

the Marangoni convection, but the field was too weak to prevent unsteady Marangoni

flows.

Vapor Crystal Growth

For materials that lend themselves to physical or chemical vapor transport, growth from

the vapor offers some attractive alternatives to growth from the melt. Growth can take

place at temperatures considerably lower than the melting point, thus avoiding some of

the higher temperature problems associated with melt growth. Gravity-driven convection

will definitely influence the growth process, perhaps in ways that are not yet completely

understood or appreciated. However, since diffusion is much more rapid in vapors than

in melts, diffusion limited growth conditions can be obtained under far less stringent

acceleration conditions than those required for melt growth and, since vapors must fill

their containers, there are no free fluid surfaces that can drive Marangoni convection.
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Experimentsin whichHgbxCdxTewasgrownon (100)CdTesubstratesby closedtube
chemicalvaportransport(CVT) werecarriedoutonUSML-1 andUSML-2 usingHgI2as
thetransportagent.Considerableimprovementsin thecompositionaluniformity and
morphologyof thefilms depositedin spacewerenoted.Etchpit densitiesindicating
dislocationswerelowerby oneto two ordersof magnitudesandelectronmobilitieswere
higherthanthegroundcontrol by afactorof two (films weredopedn-type from the
incorporationof the iodinein thetransportagent).Theseimprovementswereattributed
to thesensitivityof theHgl.xCdxTe-HgI2vaportransportsystemto minutefluid dynamic
disturbancesthat areunavoidablein normalgravity.

Mercuriciodide(HgI2)forms alayeredstructure,similar to graphite,in whichtheA-B
planesarebondedby vanderWaalsforces.Consequently,thecrystallinestructureis
very weak,especiallyat thegrowthtemperature,andit wasthoughtthattheperformance
of thematerialasaroomtemperaturenuclearspectrometermightbe limited by defects
causedby self-deformationduring thegrowthprocess.Mercuric iodidecrystalswere
grownby physicalvaportransportonSpacelab3.It waspossibleto increasethegrowth
rateonSpacelab3to morethantwice therateon thegroundwithout spuriousnucleation.
Thespace-growncrystalsexhibitedsharp,well-formedfacetsindicatinggoodinternal
order. Thiswasconfirmedby 7-ray rockingcurveswhich showeda singlepeakand
wereapproximatelyonethird thewidth of themulti-peakedcurvesfrom theground
controlcrystals;howevertheirwasstill evidenceof latticestrainin theflight sample.
Measurementsjust aftertheflight showedthatbothelectronandhole mobility were
significantlyenhancedin theflight crystal,although,for reasonsthat arenotclear, the
valuesdecreasedaftersometime. Theexperimentwasrepeatedon IML-1 with similar
results. It isstill not understoodwhetherthe improvedqualityof theflight crystalswas
dueto theeliminationof theweightof thecrystalduringits growth,or to thediffusion-
controlledtransportconditionsthatproducedamoreuniform growthenvironment.

SolutionCrystalGrowth

A novel,cooledstingmethodfor growingcrystalsfrom aqueoussolutionswasusedto
growtri-glycinesulfate(TGS)onSpacelab3 andIML-1. TGSis a longwavelength
pyroelectricinfrareddetectormaterial. Methodsfor theseedpreparationwereimproved
for theIML-1 experimentwhichresultedin anunprecedentedsuccess.Although, it was
possibleto grow only asmallamountof materialis the low-gtime available, somevery
interestingresultswereobtained.In spaceit waspossibleto growuniformly on the(010)
face,whereasonEarthgrowthon this faceis nonuniformandmultifaceted.The
detectivity(D*) andotherparametersmeasuredonthespacegrowncrystalsduring the
IML-1 showadefinite improvementoverthegroundcontrolcrystals.For example,the
dielectriclosstangentin thespacegrowncrystalwas0.007,which is muchlower than
the0.12-0.18measuredonthecrystalsgrownby thecooledstingtechniqueon the
ground.TheTGScrystalgrownon theIML-1 missionwasexaminedwith highresolution
monochromaticsynchrotronX-radiationdiffraction imagingusingtheNational
SynchrotronLight sourceatBrookhavenNationalLaboratory.Theimagesindicatean
extraordinarycrystalquality asthelocal acceptanceanglefor diffraction from anuncut
IML-1 flight crystalwasfoundto be1-2arcseconds.Thecontinuitybetweentheseed
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andthespacegrownmaterialsis indistinct.Theonly inclusionsvisible in thehigh
resolutionX-raytopographsaredueto theincorporationof polystyreneparticles
intentionallyinsertedin thegrowthsolutionto studythefluid motionin low-g.

Zeolitesareaclassof crystallinealuminosilicatematerialsthatform thebackboneof the
chemicalprocessindustryworldwide.Theyareusedprimarily asadsorbentsand
catalysts.Oneof theirmostimportantrolesis thatof a"cracking" catalyst in the
petroleumindustry. New applicationsfor zeolitesincludeselectivemembranes,chemical
sensors,polymer-zeolitecomposites,andmolecularelectronics.For thesereasons,this is
anintensiveinterestin obtainingabetterunderstandingof how theynucleateandgrow
with theaimof beingableto tailor their structurefor specificapplications.

Variousforms of zeolitecrystals,includingzeolite-A,X, Beta,andSilicalite weregrown
onUSML-1 and-2 with theaimof gettinglargerandmoreuniform crystals. In general,
thecrystalsgrownin spacewith nucleationcontrolgrew 10to 25%largerin linear
dimensionthantheir groundcontrols.Thezeolite-XcrystalsgrownonUSML-2 were25
to 50%largerthantheir groundcontrolsandtwiceaslargeasgrownonUSML-1. For
themostpart,theflight sampleshadhigherSi/A1ratiosthandid their controlsamplesand
oneof theA crystalsexhibitedthetheoreticalSi/Ai ratioof 1.00,whichnotbeenseen
before.Space-grownBetacrystalswerefreeof line defectsthatarecommonin those
grownon theground.X-ray diffractionstudiesindicatedslightly smallerunit cell
volumes,which indicatesfewerdefects.A comparisonof thecatalyticactivity of the
spaceandground-growncrystalshasnotyetbeenpublishedin theopenliterature.

ThermophysicalProperties

Oneof themostinterestingandpotentiallyusefulseriesof experimentshadto dowith
theuseof microgravity to measurethermophysicalpropertiesof materialsin theirmolten
andevensupercooledstate.

A diffusionexperimentonSpacelab1notonly measureddiffusioncoefficientsthatwere
substantiallylower thanthevaluesmeasuredon theground,but thevariationwith
temperaturesuggestedaT2dependenceratherthantheArrhenius-likedependenceseen
in mostsolids.This resultprompteda seriesof liquid-liquid diffusionexperimentsonD-
1,D-2, SL-J,andLMS. Generallythediffusioncoefficientswerefoundto be30-50%
lower whenmeasuredin microgravityand,with oneexception,seemedto follow apower
law with anexponentcloseto 2. Thesefindingsimply that: 1.all of the liquid diffusion
measurementsmadeonEarthareprobablycontaminatedto somedegreeby convection
effects;and2. thevacancydiffusionmodelthathasbeenappliedsuccessfullyto solid
diffusion doesnotapply to liquids. At thepresent,thereisnoviablemodelfor the liquid
statethatpredictsaT2dependenceof thediffusioncoefficient.Therefore,theseresults
couldprovidenewinsight into thetheoryof theliquid state.

An impressivenumberof thermophysicalconstantscanbemeasuredwithout physical
contactfrom anelecrtomagneticallypositionedmoltensphere.Surfacetensionand
viscositycanbeobtainedby exciting vibrationalmodesandmeasuringtheir frequency
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anddampingrate. Theheatcapacity,thermalconductivity,andtotal hemisphere
emissivityweremeasuredusingA.C.calorimetryin which theheatingfield is modulated
atfrequenciesrangingfrom 0.05Hz to 0.2Hz. Theheatcapacityis relatedto a
correlationfunctionof modulationfrequency,the internal(heatup) relaxationtime, and
theexternal(heatloss)relaxationtime. Also, thermalexpansionandvolumechangeon
meltingcanbedeterminedby directobservationof thesuspendeddrop. A changein
electricalresistancewith temperaturein thesamplechangestheinductanceof theheating
coil. Thusby measuringthevoltage,current,andphaseof theheatingcurrent,resistivity
canbeinferred. Although it is possibleto levitateconductivesamplesin unit gravity, the
heatingeffect from thelevitatingfield makesit difficult to undercoolthematerial. Also
theshapesbecomehighly distortedandsphericalsamplesarerequiredto extractmuchof
thethermophysicaldata.

Thereis considerableinterestin thepropertiesof theundercooledstateof theglass-
formingmetals.In orderto estimatethecoolingraterequiredto form ametallicglass,it
is necessaryto know thedifferencein theGibbsfreeenergybetweenthesolidandthe
liquid stateaswell astheviscosityandtheinterfacialenergy. TheGibbsfreeenergyis
theenthalpyof the liquid lesstheproductof theentropyandtemperature.Theenthalpy
of the liquid canbeobtainedby integratingovertheheatcapacityof theundercooled
liquid.

TheTEMPUSelectomagneticlevitatorwasflown on IML-2, but manyof thesamples
becamecontaminatedbeforetheexperimentbeganin space.Theproblemwascorrected
andtheinstrumentwasreflownonMSL-1R,which producedsomevery interesting
results.Theheatcapacitiesof the liquid statewerefoundto beconsiderablyhigherthan
theDulong-Petitlimit for solids. Theviscositiesappearedto follow anArrheniuslaw,
althoughthescatterin thedatawassuchthatapowerlaw dependencecouldnot beruled
out(seepreviousdiscussionon diffusionconstants).Surfacetensionstendedto decline
linearlywith temperature. Theelectricalresistivityof Cos0Pd2oalloy wasfoundto
increaselinearly with temperaturein both thesolid andliquid state,but with ahigher
valueandslightly steeperslopein thecaseof theliquid. SolidCosoPd2ois agood
ferromagnetwith acurie temperatureof 1250K. The measured inductance in both solid

and in undercooled melt exhibited a dramatic change, beginning when the material was

cooled below 1360 K and showing a sharp increase at 1250 K. This increase was

interpreted as magnetic ordering. There had been speculation as to whether a

ferromagnet could exist in the liquid state. There appears to be no fundamental reason to
believe that it could not; it's just that the Curie temperature of every known magnetic

material happens to lie below its melting point. This is the first evidence suggesting that

ferromagnetism does indeed exist in the liquid state.

In a related experiment, samples of Ag-Ge and Fe-Ni were able to be deeply undercooled

in a B203 lined crucible. The B_03 acts as a flux, and keeps the metal sample away from

the crucible walls, thus denying the metal melt low energy nucleation sites. Two of the

FeNi samples actually hypercooled (hypercooling occurs when the enthalpy of the melt
becomes lower than the latent heat of fusion, so that the sample cannot return to its
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meltingtemperatureduringrecalescence).Therefore,this techniqueoffersanalternative
wayof makingheatcapacitymeasurementsin theundercooledstate.

GlassFormation

Microgravityoffers anumberof potentialadvantagesfor theformationof uniqueglasses,
butsofar only afew experimentshavebeenconductedto exploretheseadvantages.
Lithia-silicaandNa20-B203-Si02glassesformedin acrucibleonD-2 showedgreater
homogeneitythanthegroundcontrolbasedonvariationsin refractionanalysisand
microprobeanalysis.The differencewasascribedto thefact thatnuclei thatformedat
thewall werenot transportedto theremainderof themelt in microgravity.

TheSingleAxis AcousticLevitator, originallydevelopedasasuborbitalfacility, was
flown onD-1. A sampleof low viscositygallia-calcia-silicawassuccessfullymelted
andsolidifiedwithout contact.A glasswasformedat amuchslowercoolingrate(2 to 3
timesslower)in spacethanispossiblein acrucible,which reflectstheabsenceof low
energynucleatingsiteson thelevitatedsample.

Biotechnology

The Biotechnology investigation carried out on Spacelab missions include protein crystal

growth, electrophoresis, electrofusion, and various cell culturing and plant growth

experiments with commercial implications. The vast majority of the experiments were

devoted to the growth of protein crystals. Experiments dealing with living organisms,

including the remainder of the cell culturing and plant growth experiments, including

those performed in the Biorack, will be covered under Life Sciences.

Biomolecular Crystal Growth

Some of the most exciting results from the Spacelab missions have been in the field of

biotechnology. Spacelab can legitimately claim to be the genesis for the expanded

interest in the growth of protein and other biomolecular crystals, which are necessary for

understanding biological function at the molecular level. X-ray diffraction is the only

method for obtaining the three-dimensional structure of complex biomolecules that

determines their function and crystals of a certain size and perfection are necessary for

this analysis. Structure-based drug design is an emerging technology that shows great

promise. For example, neuraminidase is an enzyme required by all strains of influenza

virus to replicate. Three pharmaceutical houses are using the structure of this enzyme to

develop inhibitors which have the potential of treating all strains of influenza.

When Walter Littke reported that he was able to grow larger crystals of lysozyme and

beta-galactosidase on Spacelab-1, Charlie Bugg, then the Associate Director of the

Comprehensive Cancer Center at the University of Alabama in Birmingham (UAB),
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immediatelyrecognizedtheimplicationsof thisresultandorganizedmolecular
biologists,whowerehavingdifficulty growinglargeenoughcrystalsof theirmaterialsof
interest,to try to exploit theperceivedadvantageof microgravityfor proteincrystal
growth.After severaltrieswith simplehand-heldexperimentsto work out thedetailsof
thegrowthtechnique,theywereableto clearlydemonstrate,notonly that it waspossible
to grow largercrystalsin microgravity,but someof thecrystalshadbetterinternalorder
thanthebestcrystalsevergrownonEarthby themostqualified researchers.

Theseresultsprovokedtheoristsaswell asexperimentalists,whopreviouslyhad
concentratedon thegrowthof inorganicsmallmoleculecrystals,to askwhy shouldthese
macromolecularcrystalsgrow betterin microgravity? Suddenly,thetaskof growing
biomolecularcrystals,thathadbeensimply anobstaclefor molecularbiologiststo
overcome,becamea scienceunto itself, receivingfunding from NASA aswell asfrom
NSFandNIH. Thesestudieshavetransformedwhathadbeenlargelya shotgun-approach
to growingbiomolecularcrystalsto amoreexactapproachby providingsolubility data,
modelingthetransport,assessingtheeffectsof impurities, andexaminingthedynamics
of thegrowthinterfacein orderto establishtheconditionsunderwhich growth
instabilitiesmightoccur. Theinsightsprovidedby thesestudieshavesuggestedwaysfor
improvingcrystalgrowthaswell asexplainingwhy somegrowthsystemsmaynotgrow
aswell in spaceastheydoonEarth.

Larry Delucas,thePayloadSpecialistonUSML-1, demonstratedtheadvantageof a
trainedcrystallographeronboardto setupandmonitorthecrystalgrowthexperiments,
interveningwhennecessary,to optimizethegrowthprocess,which is differencein space
thanon theground. For example,he foundthatmixing of theproteinandthe
precipitatingagentin manyof theautomatedexperimentsthathadbeensetupon the
groundwasnot adequate,especiallywhenaviscousprecipitatingagentsuchas
polyethyleneglycol wasrequired.By mechanicallymixing theprecipitatingagenton
orbit, hewasableto growdiffraction qualitycrystalsof severalproteinsthatpreviously
hadnotbeensuccessfullygrownin space.

In themeantime,thesuccessof thegroupheadedby Buggandlaterby Delucas,inspired
otherleadersin thefield to developnewconceptsfor growthfacilities to beusedin
space.Alex McPhersonandDanCarterin theUS organizedteamsinterestedin usingthe
growthfacilities theyhaddeveloped,while ESAdevelopedtheiradvancedproteincrystal
growthfacility whichcanaccommodateavarietyof growthmethodsandprovide
diagnosticsof thegrowthprocess.

It shouldberecognizedthatmanycrystalsaregenerallyrequiredto obtainsufficientdata
to solveastructure.However,oftenonecrystalthatcanprovideevena small increasein
resolution,whenmergedwith datafrom othercrystals,maybekey to eithersolvingthe
structurefor thefirst time,or for refiningastructuresothattheactivesitemaymapped
moreaccurately.Thusfar, US sponsoredSpacelabexperimentshavebeenableto
improvetheresolutionof 5 differentproteinsby asmuchas0.5to 1.0A, 3proteinsto
between0.3 and0.5/_, andanother25proteinsby up to 0.3A.
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After thestructureof atargetmoleculehasbeendeterminedto goodaccuracy,thereis
still amajortaskaheadbeforeaneffective drugcanbedesignedandselectedfor clinical
trials. Eachcandidatedrugmustbecomplexedwith thetargetmoleculeandmore
crystalsarerequiredof thecomplexin orderto determinehow well thedrugfits the
activesite. After themorepromisingcandidatesareselected,thereis still thelong and
torturousprocedurerequiredto takeit throughFDA approvalcycleandbring it to
market. Thusit caneasilybeanumberof yearsbeforethebenefitsof manyof these
spaceexperimentswill beseenby thegeneralpublic.

Someof themorepromisingdrugsunderdevelopment,in which spaceplayeda
significantrole, aresummarizedbelow:

Pharmaceuticalcompanieshadbeensearchingfor way to controlthereleaseof human
insulinsothatdiabeticscouldtakefewer injectionsandhaveamoreconstantsupply.
Onepromisingbinding agentturnedout to be toxic to humans.Spacegrowncrystals
providedtheclueasto whatwasgoingwasgoingonandledto asolutionof theproblem.

FactorD isa proteinthatoftenstimulatestheimmunesystemto overreactfrom the
traumafollowing openheartsurgery.A particularlylargecrystalof this proteingrown
onUSML-1, whenmergedwith otherdata,providedthestructuralinformation. Drugsto
block thisproteinarein PhaseII clinical trialsandmaybeavailableby 2001.

Spacegrowncrystalsof Glyceraldehyde3-phosphatedehydrogenase(GAPDH),an
essentialenzymein theparasitethatis responsiblefor Chagas'disease,wereinstrumental
in refining thisprotein. Drugsbasedon thestructureof thismolecule arein pre-clinical
trials.

NAD-synthetaseis atargetfor awide spectrumantibiotic underdevelopmentthatpre-
clinical trailshaveshownto beeffectiveagainstanthrax,pseudomonas,andflesheating
bacteria. Spacegrowncrystalsplayedarole in obtainingits structure.A crystalgrown
onSTS-95improvedtheresolutionfrom 1.6/_to 0.9_. Thesedatashouldproveuseful
to help improveknowledgeof theactivesite if it becomesnecessaryto adjustthedesign
of thedrugthatis presentlybeingtested.

TheCenterfor MacromolecularCrystallography,aNASA-createdCommercialSpace
Center,now employsmorethan100scientistsandengineersworkingoncrystalgrowth,
structuredetermination,andthenextgenerationof flight experiments.Theycollaborate
with 37universitiesandhave21 industrypartnersthatcontributeover$2million peryear
in directfunding. Therearenow4 spin-offcompanies(BioCrystPharmaceuticals,Inc.,
IbbexPharmaceuticals,Inc. andDiversifiedScientific,Inc., in BirminghamandNew
HorizonsPharmaceuticalsinHuntsville)thathavebeencreatedasaresultof theNASA-
sponsoredwork in thisarea.
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Electrophoresis

Electrophoresis,andits relatedelectrokinetic separationprocessessuchas
isoelectrofocussing,arewidelyusedfor separationof proteinsonananalyticalscale.The
proteinmoleculestakeonaparticularsurfacecharge(zetapotential)in abuffer solution.
Whenanelectricfield is applied,themoleculeswill bemoveunderthe influenceof the
appliedfield. Usually,theproteinsarecausedto migratethrougha gel. Thecombination
of theattractionby theappliedfield andthedragthroughtheporesof thegel giveeach
proteinaspecificmobility sothattheywill becomeseparatedspatiallyastheprocessis
continued.Becausethis processis limited to microgramquantities,it is usedprimarily as
ananalyticaltool.

Attemptsto scaleelectrophoresisto apreparativescaleby replacingthegelwith a
continuousflowing sheetof sampleplusbuffer solutionhaveenjoyedonly limited
successon theground,primarily becausebuoyancydrivenconvectionplacessevere
restrictionson thesampleconcentrationandthethicknessof theflowing buffer sheet.
Thesefactorslimit thethroughputof continuousflow electrophoresis(CFE);
consequently,it haslargely lostpopularityto othermethods,suchascolumn
chromatography,asapreparativeseparationmethod.Therearecertainpotential
advantagesto CHE,however. It is auniversalmethod,asopposedto column
chromatography,wherethecolumnshaveto bedesignedto separatespecificproteins.
Also, it canbeappliedto cell separationwithouthavingto tagthecells asis requiredby
variouscell sortingtechniques.

Therearereasonsto believethatcontinuousflow electrophoresiscouldbecarriedout
moreefficiently in spacefrom two pointsof view. First, thethicknessof theflow
chambercouldbescaledupwithout encounteringtheconvectivedistortionsthatlimit the
scaleon terrestrialmachines.Second,it shouldbepossibleto increasethesamplestream
concentrationwithout sedimentationproblems.Combiningthesetwo factorscould
theoreticallyincreasethethroughputby severalhundredoverEarth-basedmachines.

However,increasingtheconcentrationof thesamplestreamcancreateadditional
problemsif theconductivityanddielectricconstantaredifferentfrom thebuffer fluid.
Suchdifferencesin electricalpropertiesdistortthesamplestreamandcanevenleadto
flow instabilities. Oneof themotivationsfor theseriesof electrophoresisexperiments
carriedout in theFrench"RechercheAppliquesurlaMethodesdeSeparation
ElectrophoreseSpatiale"or RAMSESon IML-2 wasto examinethese
electrohydrodynamiceffectswithout thecomplicatingdistortionscausedby buoyancy.
OtherexperimentsusedtheJapaneseFreeFlowElectrophoresisUnit (FFEU) to evaluate
its ability to carryoutvariousseparations.Bubblesin thebuffercurtainandvarious
technicalproblemsallowedonly limited successin this setof experiments.

CommercialBiotechnology

Two otherNASA-sponsoredCentersfor SpaceCommercializationconducted
biotechnologyexperimentsonUSML-1 and-2 in additionto aseriesof Spacehabflights.

41



TheWisconsinCenterfor SpaceAutomationandRobotics(WCSAR),hasdeveloped
ASTROCULTURE TM , a state-of-the-art plant growth chamber for space as well as

terrestrial research in which the many variable involved in plant growth can be

controlled. One of their goals is to provide the means for on-orbit food production for

extended missions. This activity has produced a number of commercially useful spin-

offs including a novel system for delivering water and nutrients to plants, an air

humidification/dehumidification system that does not need a gas or liquid separator, and

an efficient LED lighting system for plant growth that is also finding medical

applications. Their work on utilizing microgravity to improve the process of transgenic

plant alterations could also have significant societal and economic benefits by producing

food crops that mature faster.

The BioServe CSC is carrying out an extensive research program to catalog how various

organisms respond to the microgravity environment with the goal of exploiting those

characteristics they find useful for commercial purposes. Many of their findings, such as

the accelerated growth of certain organisms, enhanced production of cell products,

enhanced enzymatic activity, etc. in microgravity are surprising and are not understood

from simple fluid modeling of gravity effects in living organisms. Their academic

collaborators at the University of Colorado, Boulder, and Kansas State University in

Manhattan, Kansas have published a very impressive number of papers on their findings.

One of the more promising areas of their research has to do with the effects of

microgravity on plant production of lignin. Attempts are being made to understand how

this comes about and perhaps use this information to genetically engineer plants on Earth

to control the production of lignin. There is significant interest in both the paper

industries, who wants less lignin in their pulp wood, as well as the timber industry, who

wants more.
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Life Sciences

Life sciences experiments were flown on 17 of the 36 Spacelab missions between

198 land 1998. More 375 separate experiments were designed, developed, and conducted

by more than 138 principal investigators and 536 co-investigators. Over a thousand

publications and reports were published and results from more recent Spacelab missions,

including Neurolab, are just beginning to appear in journals.

Life sciences experiments fall into three major discipline areas which are: 1) Advanced

Human Support Technology, 2) Biomedical Research and Countermeasures, and 3)

Gravitational Biology and Ecology.

Gravitational Biology and Ecology

Cell and Molecular Biology

Cell and molecular biology investigations were conducted on eight of the 17 Spacelab

missions which included Life Sciences experiments. They were flown under the Life

Sciences discipline category "Gravitational Biology and Ecology". The experiment

specific categories included cell growth and metabolism, organelles and structures,

immunology, hematology, bacteria and viruses, yeast, circadian rhythm, and

protoplasmic streaming.

In the interpretation of all cell biology experiments flown in space, it is important to

understand that differences in growth, metabolism and function can reflect differences in

hardware used as well as the particular characteristics of launch, payload location on the

Shuttle, and other mission and experiment specific parameters including temperature

changes during an experiment, length of the mission, starting and stopping of the 1g in-

flight reference centrifuge during sampling, and storage of samples. Significant

differences in response to spaceflight are also cell type and culture dependent. Not all cell

types respond in the same way to conditions of spaceflight. A number of cell lines flown

on the various Spacelab missions showed virtually no response to microgravity.

Examples include Murine Friend Leukemia Virus transformed cells and Hamster kidney

cells (ATCC CCI 15) grown on Cytodex 3 microcarrier beads. Hybridoma cells flown on

Spacelab D-1 showed only a slight change in metabolite production, whereas Hybridoma
cells of a sub-clone of the cell line 7E3-N Showed a decrease in the production of

monoclonal antibodies, which seems to argue against the use of microgravity for the

production of monoclonal antibodies. Monkey kidney derived cultured ceils (JTC-12)
flown on SL-J showed evidence of cytoskeletal/membrane interface perturbation induced

by spaceflight.

A landmark experiment by Cogoli et al. on the Spacelab 1 mission was the first to show a

dramatic, quantitative response to spaceflight at the single cell level. Normal peripheral

human T lymphocytes were growth stimulated in flight by addition of Con-A. In

microgravity, activation of the cells was 90% less than that of the ground controls. This
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resultwasconfirmedonD-1. Additionalexperimentson IML-2 indicatedthat thefirst
stepin T-cell recognitionof antigenappearsto besignificantlycompromisedin
microgravity.In theexperimentsflown onSLS-1,Cogoli mixedmicrocarrierbeadswith
thecellsasaway to increasecellcontactinteractions.Theresultsweresurprising.
Althoughlymphocytesdonotnormallyattachto substrata,thecells attachedto the
microcarriersandactivationin microgravity,in responseto Con-A,wasnow doublethat
of groundcontrols.Thecellswithoutmicrocarrierbeadsagainfailed to respondto Con-A
thusconfirmingtheSL-1andD-1 results.

Otherexperimentson IML-2 demonstratedthatcell-cell contacts,necessaryfor T cell
activation,dooccurin microgravity. Additionof microcarrierbeadspromotesactivation
two-fold higherthangroundcontrolsyet,without beads,lymphocyteactivationin
microgravityisalmosttotally abolished.Reasonsfor this arenotclear. Theimpactto
crewhealthon long termmissionsbecauseof impairedcell mediatedimmunity isnot
knownandremainsasignificantbiomedicalareato be investigated.

PreviousstudiesonU.S.biosatellitesandSovietSalyutmissionsshowedanincreasein
bacterialgrowthrate. TheexperimentsconductedonSpacelabD-l, D-2, IML-1, and
USML-1 confirmedthatthegrowthratein bacteriaaswell assomeotherorganismsis
increased.In addition,antibioticsensitivityis reducedandgenetictransferbetween
bacterialcells isdifferent inmicrogravitycomparedto groundcontrols.It wasfoundthat
the increasedgrowthrate,not thepermeabilityof thecells,is theprimaryreasonfor
reducedresponseof bacterialpopulationsto antibioticsduringspaceflight.

Yeast cells(Saccharomycescereisisae)wereflown in aminiaturizedbioreactoron IML-
2. No remarkabledifferenceswerefoundin cell cycle,proliferation,cell volume,
ethanolproductionor glucoseconsumptionandnomorphologicalanomalieswerefound.

Parameciumtetaureliahadbeenshownin previousflight experimentsto increasegrowth
rateandcell volumesignificantlyanddecreasecell dry weightandproteincontent. A
comparisonof datafrom microgravityandthe 1g in-flight shieldedcentrifugeonD-1
demonstratedthateffectsonParameciumgrowthandvolumein spacearedueto the
effectof microgravityandnot to cosmicradiation.

ThemicroscopeequippedNIZEMI centrifugeon IML-2 wasusedto determinethe
thresholdfor gravitaxisontwo speciesof ciliates,ParameciumandLoxodes,andon the
slimemoldPhysarumpolycephalum.Physarumdoesnot havea specializedstructurefor
gravityperception,yet it showedavery low threshold(0.1g) for gravitaxis.

Two differentstrainsof theunicellulargreenalgae,Chlamydomonasreinhardii,were
usedonD-1 to evaluatecircadianrhythm. No differenceswerefoundbetweenflight and
thegroundcontrol,thusthisorganismappearsto haveanendogenousbiological clock.
Cell proliferationandsurvivalratesin microgravitywerehigherandnomutationswere
foundin flown samples.

DevelopmentalBiology
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Developmentalbiology experimentswereflown oneight Spacelabmissions.A totalof
24experimentswereconductedandsevendifferent specieswerestudiedincluding
insects,brineshrimp,jellyfish, amphibians(frogsandnewts),fish mouse,andquail.

Experimentsto determinetheeffectsof spaceflighton thedevelopmentof Drosophila
melanogasterwerecarriedoutonSpacelabD-l, IML-1 andIML-2. Oocyteproduction
wassignificantlyincreasedin microgravitycomparedto the 1g in-flight centrifugeand
groundcontrols.Embryoscontinuouslyexposedto microgravitywerelargerthan
controls. Larvaeshowedthoracicand/orheadabnormalitiesin themicrogravitysamples.
Thelifespanof adultmalescontinuouslyexposedto microgravitywasonly 75%of their
normallifespan,while the lifespanof femaleswasunaffected.

Thedevelopmentof graviceptorsof theephyraeofAureliaaurita(Jellyfish) wasstudied
on IML-2 andonSLS-1.Therewasnodifferencein morphologybetweenspaceand
grounddevelopedephyraebut abnormalitieswerefoundin their pulsingbehavior.This
suggestsanabnormaldevelopmentof graviceptorsor theneuromuscularsystemor a
defectin the integrationof impulsesbetweenthesystems.

Seaurchinlarvae(Sphaerechinusgranularis)wereflown on IML-2 to determinewhether
mineralizationandformationof skeletalstructureoccurproperlyandif larvaewith
skeletonsalreadydevelopedon thegroundwouldloosemineralin microgravity.
Significantresultswerethatlarvaedevelopedskeletonin flight andnopronouncedloss
of mineralfrom alreadyformedskeletonsoccurred.However,theskeletonsthatwere
formedshowedsomeunusualarchitectureindicatingthattheprocessof associationand
positioningof thecellswhichdeterminethesizeandshapeof theskeletonare
particularlysensitiveto environmentalperturbations.Evaluationof calciumand
magnesiumdid not showsignificantdifferencesbetweenflight andgroundsamples.

Five of theSpacelabmissions,D-I, D-2, IML-1, IML-2 andSL-J,included
investigationsinto therole of gravityandweightlessnessondevelopingamphibianeggs.
Theseexperimentsusedeggsof Xenopuslaevis (African three-clawedfrog) to determine
if fertilizationoccursin microgravityandif embryodevelopmentis initiated.Xenopus
eggs,fertilizedanddevelopedin microgravity,form normalaxisandneuralplatesand
thetadpolesdevelopnormally.Theinnerear0f juveniledevelopingnewtsflown onIML-
2, showedsignificantlylargersaccuiarotolithsandsomedifferencesin assemblyof
componentsof theotoconia.

Alterationsin gravityenvironmentinducedsomewhatpronouncedlong-lasting
behavioralreactionsfollowedby long-termadaptationto thegravitychanges.Changes
in brainbiochemistrywerefoundin fish andtadpolessubjectedto hypergravity(3g)and
electronmicroscopydatashowedthat afterexposureto microgravityenergymetabolism
wasreducedin neuronsin thegravity integrationcenterof thebrainstem.Therewere
alsochangesin thegravity-sensitiveepithelialcellsin theinnerearof fish larvae. The
tadpolesswamin narrowsomersaults,in circlesor floatedmotionlessin random
positions. Someof thefishesswamin largecirclesor dartedaroundrandomlyor floated

45



motionless.After returnto earth,fishesre-adaptedandswamnormally afterabout16
hoursbut thetadpolescontinuedto swim in circles,loopsor in screw-like patterns for at

least six days.

Avian development was evaluated on chicken eggs fertilized before launch on SL-J and

quail eggs on a series of Spacelab Mir MissiOns. For chick embryos, all tissues including

cartilage and bone formed in 7 and 10 day old chick embryos during spaceflight. After

flight, these chicks continued to develop and hatched normally.

Plant Biology

Plant biology experiments were flown on 11 of the 17 Life Sciences Spacelab missions.

More than 30 individual experiments, most with multiple objectives evaluating multiple

plant types, were conducted addressing the general areas of plant growth and

development, gravity sensing and response, metabolism, lignification and support

hardware development.

The results on plant growth and development from experiments performed on a number

of plant types (oat, mung bean, anis callus cultures, rapeseed protoplasts, wild carrot,

arabidopsis and its mutants and hemerocallis or daylily and a fungal sp.) showed that

responses are generally plant type and species specific. In general, seed germination and

plant growth progressed well in microgravity. Root orientation is strongly dependent on

gravity but amyloplasts resting on the endoplasmic reticulum or cytoskeletal elements

does not account totally for all gravity-sensing mechanisms in plants and mechanisms are

still unclear. The thresholds (minimum g-force required to elicit a response) were

surprising low. Use of the NIZEMI centrifuge-microscope allowed visualization of the

bending responses of seedling roots. This provided extremely significant information on

the influence of gravity related to developing plants on Earth as well as the effects of

microgravity.

Leguminous plants formed nodules in presence of Rhizobium bacteria. This showed that

gravity is not necessary for normal co-development of nitrogen-fixing bacteria and

leguminous plants and is important information for future cultivation of legumes on space

stations, long-duration missions or Lunar outposts.

Lignification was significantly reduced in microgravity. Without the requirement to grow

strong stems to hold plants upright as in lg, the plants adapted to microgravity by

reducing lignin synthesis.

A commercially developed and available plant growth facility, AstrocultureTM, allowed

cultivation of potatoes (1.5 cm diameter in approximately 16 days) in microgravity.

Technology developed as a part of this facility is being used for ground-based purposes

ranging from treatment of cancer patients to horticulture. Still in the area of plant growth

facilities development, the Greenhouse experiment conducted in the Russian/Slovakian-

developed plant growth facility called the "Svet" was launched on SL-Mir. Probably one
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of themostcomplexplantexperimentseverattemptedin space,thefacility grewplants
for 90daysonMir to allow seed-to-seedgrowth.

RadiationBiology

Experimentsto evaluateradiationlevelsandeffectson living systemsandto obtain
informationonlevelsof radiationwithin thespacecraftandSpacelabwereflown on five
of the 17SpacelabmissionsthatincludedLife Sciencespayloads.Sixteenradiation
experimentswereflown, tenof whichevaluatedeffectson life formsincluding insects,
bacteria,mammaliancells,nematodes,yeast,andplants.Five experimentsprovided
informationon thelevelsof radiationin differentlocationson theShuttleandin someof
theexperimentspecifichardwareincludingBiorack,theaccesstunnel,pallet,andthe
Shuttlemiddeck. Oneexperimentreporteddosimetricinformationoncrew. Radiation
hasbeenantopicof biomedicalconcernsincethebeginningof humanspaceflightand
mustbetakeninto consideration,eitherasto effecton individualexperimentsor
experimentspecifichardwareshielding)whenanybiological experimentsareconducted
in space.

Theprimarytypeof radiationevaluated,HZE, is cosmicradiationproducedby heavy,
highenergyandchargeparticles(ions)releasedby interactionsof primarygalactic
radiationwith theEarth'satmosphere.Thisdenselyionizingcomponentof cosmic
radiationis mostdamagingto cellsandtissues.Hits by HZE causedamageto cellsfrom
thenucleardisintegrationstarsproducedby protonsandneutronsin the irradiatedtissue.
Anothertypeof radiationthat shouldbeconsideredcomesfrom ionizingcomponentsof
theradiationfield.Theseincludephotons,electrons,muons,pionsandprotons.

RadiationsurveysonSL-1andIML-1 concludedthattheradiationexposureon
astronautsduring themissionwashigherthanthemeanannualpublic exposurebutwell
belowthelimits definedfor spaceflight.Heavyion flux in differentpositionswithin
Biorackvariedbetween0.5/cmand0.2/cm. Comparisonof resultsfrom IML-1 andIML-
2 showedahigherheavyion flux variationfor thedifferentlocationsin IML-2 (afactor
of morethansix comparedto afactorof two in IM-1). Thustheconclusionwasthatthe
only way to obtainconfidentinformationaboutradiationintensityandtypeis to measure
radiationoneachmissionin thevicinity of theexperimentof interest.Assumptions
madethattheBiorackfacility componentsshieldbiologicalexperimentsmaynot be
totally valid. A similarmeasurementof thesamegeneralareasof Biorack onD-1
providedadditionalinformationthatexperimentalconditionsfor biologicalexperiments
in spacemustconsiderthatdosimetricdatamaynotbesufficientfor properassessmentof
testdata.At thecellularlevel,hits arenotevenlydistributedandthusaveragingof
radiationdosesin thegeneralareamaynotprovideaccurateinformationfor the
experiment.

On SL-1 and D-2, experiments were conducted to evaluate the effects on prokaryotes of

vacuum and solar ultraviolet radiation, separately and in combination. On D-2, 308

biological samples were exposed to solar UV, vacuum, or a combination of both. As

shown on SL-1, reduced survival of B. subtilis was more evident in samples exposed to
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bothvacuumandUV-radiation. Survivalwasaffectedby therepaircapacityof the
strainsinvestigatedandinjury of thesporeDNA in theform of DNA strandbreakswas
assumedto be themechan.ismof damage.

Eggsof thestickinsect,Carausiusmorosus,havedifferent sensitivitieswhenexposedto
cosmicradiationatdifferentdevelopmentalstages.Experimentsflown on SpacelabD-I
andIML-1 showthateffectsof HZEparticles(heavyionsof highchargeandenergy)
from cosmicradiationcombinedwithmicrogravityaresynergistic.Yeastcells irradiated
with X raysbeforelaunchwerecapableof repairingsomeof thedamage,however;the
repairratewasreducedin microgravitysamples.However,anexperimenton IML-2
foundnosignificantdifferencesin therejoiningkineticsof radiationinduceddouble-
standbreaksof DNA in Escherichiacoli PQ37or in ahumanprimary fibroblastline. In
humanskinfibroblaststherejoiningkineticswerealmostidenticalin microgravity,in the
groundcontrol,andin theIg in-flight centrifugecontrol. Similarly, theE.coli strain
PQ37alsorepairedits DNA underall gravity conditions.Theseresultswerecorroborated
by anotherexperimenton IML-2 usingBacillussubtilis. Thesporeswereirradiatedon
thegroundbeforeflight andallowedto germinatedin staticmicrogravity, in the Ig in-
flight centrifuge,aswell asin groundcontrols.ResultsagainprovedthatDNA repaircan
beinitiatedandfunctionnormallyin microgravity.

Biomedical Research and Countermeasures - Animal Physiology

Animal physiology studies flew on six of the Spacelab missions. Animal physiology

experiment specific areas included bone, muscle, cardiovascular, neurophysiology, renal

physiology and endocrinology, immunology, metabolism and nutrition, and

chronobiology. There were more than 100 individual animal physiology experiments

flown which included species of mouse, fish, and avian; however, the rat was the most

studied species.

Bone

Skeletal loss in the long bones, primarily weight-bearing bones, is well documented yet

mechanisms are not clear. Earlier experiments on Cosmos unmanned orbiting spacecraft

showed that production and mineralization of bone matrix was retarded, contained fewer

collagen fibers, and collagen was less mature in flown versus ground controls. The effect

of microgravity on cartilage development and bone formation can result in marked

skeletal changes including decrease in bone volume and altered biochemical properties.

Loss of bone mass remains one of the most important biomedical concerns to long-

duration human habitation of microgravity environments.

Thirteen experiments to investigate effect of microgravity on bone and cartilage

formation, mineralization, endocrinology, and metabolism were flown on five of the

Spacelab mission. An experiment on SL-3 showed that even during a short spaceflight,

less matrix is formed and there is less mineralization in rat bones. As a follow up to

investigate production of collagen by bone primary mouse bone cells in culture was

flown on IML-1. This experiment addressed chondrognesis in skeletal development.
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Endochondrialossificationinvolvescollagensynthesisaswell asotherfactors.
Conclusionswerethat, althoughchondrocytescouldfunction, proliferationof rough
endoplasmicreticulumandproductionof matrix did not occurin flown cells. An
experimentonSLS-1showedthatboneregenerativepotentialsdecreased,thus
stimulatingtheprocessof osteoporosis.

MetabolicstudiesonSLS-1evaluatedbones,bloodplasma,andendocrinefactorsthat
participatein bonemetabolismregulation. Limb bonesandlumbarvertebraewere
evaluated.Resultsshoweddecreasesecondaryspongiosaandincreasedboneresorption
surfacein proximalmetaphysesof tibiae.Thesearesignsof developingosteoporosis.
Thesechangescorrelatedwithbiochemicaldatashowingdecreasedalkalinephosphatase
activity andincreasedactivity of tartrate-resistantacidphosphatase(aboneresorption
enzyme).Thereweredecreasesin bonecalcium,phosphorus,sodiumandchlorideand
depressedfunction of thyroidC-cellsproducingcalcitoninwhich is necessaryfor normal
mineralizationof bonematrix. Mineralmetabolismchangesconfirmedpreviousfindings
thatcalciumishigherandphosphorusis lower in bloodof flown animals.Somatotrophic
activity wasdepressedin thepituitaryleadingto decreasedsynthesisandsecretionof
growthhormone.

Thirteenexperimentsinvestigatingmusclephysiologyin ratswereflown on three
Spacelabmissions.Thesoleus,aprimaryweight-bearingmusclesometimesreferredto as
theantigravitymuscle,wasthesubjectof severalinvestigations.As waspredicted,the
soleusshowedthemostdramaticchangesin responseto microgravity. Flexormuscles
suchasthetibialis anterior,andextensormuscles(extensordigitorium longus)werenot
significantlyaffectedby gravitationalunloadingin microgravity.

Spaceflightinducedsignificantfiber shrinkageor atrophyandincreasedexpressionof
fastmusclecharacteristics(fastmyosin)in slow fibers. In additionmuscledamage,
resultingfrom muscleatrophyin microgravity,that occurredpostflightincluded
thrombosisof microcirculation,interstitialandcellularedema,musclefiber
fragmentation,sarcomeredisruptions,activationof phagocyticcells,elevatedubiquitin
conjugationsuggestingproteinbreakdown.Acceleratedaging-likeinvolutionof
neuromuscularjunctionswasfoundincagedrats,thuswasnotjust acharacteristicof
spaceflight.Theabductorlongusmuscleappearedmoresusceptibleto damageprobably
dueto resumptionof activity afterflight.

CardiovascularPhysiologyAnd Hematology

Humanadaptationto microgravityresultsin lossof redbloodcell (RBC) mass,reduction
in plasmavolumeanddecreasein totalbloodvolume.Spaceflight-inducedanemiais the
subjectof anumberof investigationsto discoverthepotentialmechanisms.Useof ratsas
amodelto investigatespaceadaptationresponseson theSpacelabmissionsprovedan
excellentmeansto investigatespaceanemia.

ExperimentsonSL-3demonstrateda significantincreaseinhematocrits(ratioof packed
cellsto wholebloodvolume),RBCcounts,hemoglobinsandneutrophils.(Theincreased
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cell countscouldbedueto artificially increasedconcentrationsbecausetheplasma
volumewasreducedin spaceflightasaresultof fluids shiftsandlossin microgravity.
Also foundwasa significantreductionin thepercentageof lymphocytes,which
confirmedearlierreportsthatlymphocytesareaffectedby spaceflight.Bonemarrow,
spleenanderythropoietin(EPO),thehormonethat stimulatesRBCprecursorsin thebone
marrowto developmentinto matureRBCs,showednosignificantdifferencesbetween
flown andgroundanimals.Bonemarrowcellsof flown ratscouldbe inducedbyEPOto
produceerythroidcolonies,thusthechangesin RBCnumberswasapparentlynotdueto
faultycell responseto EPOstimulation.

In humans,characteristicadaptationto upperbodyfluid shiftsin spaceincludeincreased
heartrate,bloodpressureandtotalperipheralvascularresistance,anddecreasedvenous
pressure.Uponreturnto Earth,re-adaptationcausessevereincreasein heartrateandlow
bloodpressure.Resultsof thestudywith hearttissueremovedfrom ratsafterflight on
SLS-2showedthatcontractilestrengthof heartmusclewasdecreased.

Endocrinology

Experiments to determine the effects of microgravity on hormone and regulatory peptide

synthesis and release have shown that spaceflight has significant effects on animal

physiology. Most (12) of the animal physiology experiments were flown on the Spacelab-
3 mission. One flew on SLS-1 and five endocrinology-related experiments were flown

on SLS-2.

Fluid shifts to the upper body during spaceflight is related to changes in fluid regulating

hormones. Atrial natriuretic factor (ANF) is one of the hormones that regulate fluids

shifts. ANF is secreted in response to increased pressure in the cardiac atria from

increased shift of fluids to the upper body. ANF activates membrane-bound guanylyl

cyclase coupled receptors (GC-A receptors). A second type of guanylyl cyclase coupled

receptor is an apparent target for a natriuretic peptide in the brain. A third receptor

appears to be coupled to adenylyl cyclase. Other hormones including vasopressin,

catecholamines, in addition to ANF regulate response to fluids shifts and rennin

influences blood pressure. Atriopeptin (AP-3) is released when right atrial stretch

receptors are stimulated (possibly by fluid shifts in microgravity). The atriopeptins cause

natriuresis and diuresis by direct action on the kidney as well as inhibition of aldosterone

and vasopressin secretion and dilation of large vessels resulting in further central pooling

of blood.

Metabolism And Nutrition

Nine experiments were flown on three Spacelab missions, SL-3, SLS-1 and SLS-2, to

investigate the digestive and metabolic changes that occur during and after spaceflight.

Previous experiments with animals have shown that spaceflight significantly affects

metabolism.
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TheSpace!abmissionexperimentsadvancedunderstandingof thequalitativeand
quantitativechangesin lipid metabolism,theinteractionsbetweenfunctionof
endogenousintestinalmicrofloraanddigestivefunction,anddigestiveenzymeactivity
andfunctionduringandafterspaceflight.Metabolicbreakdownof nutrients,
medications,andmanyhormonesoccursin the liver andnumeroushepaticenzymes
regulatecatabolicfunction.Adaptationto spaceflightincludesbiochemicalchangesin the
liver to accommodateenergyrequirements,includingglycolysisandlipid peroxidation.
A 20-foldhigherglycogencontentwasseenin flown ratspost-flightcomparedto ground
controlsonSLS-3.In addition,glucoselevelsandenzymesof thecitric acidcyclewere
decreasedandglycolysisandATP synthesiswasincreased.

ExperimentsonSLS-1showedthatspaceflightdid not significantlyaffecttheantioxidant
protectioncomponentin liver andothertissuesbutafter returnto 1g, readaptationcaused
changesin antioxidantprotection.

Endemicintestinalmicrofloraprovideenzymesthatinteractsynergisticallywith thehost
to facilitatedigestionin thesmall intestine.A very importantfindingwasthatlipid
metabolismwasgreatlyalteredby spaceflight.Lipaseactivitywassignificantly
decreasedandshortchainfatty acidconcentrationwassignificantlyincreased,indicating
adifferentenergyprovidingmetabolismin microgravity. An experimenton SLS-2
suggestedthatchangesin basicmetabolismin erythrocytesandlymphocytesweredueto
structureandfunctionof theirmembranesbecauselipid andphospholipidcompositionof
themembraneswaschanged.This can be extremely significant to the understanding of

mechanisms responsible for blunted lymphocyte response to antigen stimulation during

spaceflight.

Immunology

Five experiments were flown on three Spacelab missions, SL-3, SLS-1 and SLS-2, to

investigate immune response of rats exposed to spaceflight. Results of previous

experiments have demonstrated that immune system alterations occur in animals and

humans as a result of spaceflight. These are detected immediately after flight and after

time, appear to normalize to pre-flight function. The immune changes predominantly are

manifested as decreases in proliferation and function of T lymphocytes reflected as

changes in cytotoxic activity of natural killer cells and production of cytokines.

An experiment on SL-3 sought to determine if weightlessness alters interferon-gamma

(IFN-gamma) production by spleen cells of flown rats. It appears that the reduction in T

lymphocyte number or function or stress per se could be responsible for the observed lack

of IFN-gamma production by the spleen cells of flown rats.

Other experiments flown on SLS-1 and SLS-2 The cells from rats dissected immediately

after landing did not grow in contrast to increased growth of cells from rats dissected 14

days post-flight. Activity of spleen natural killer cells was reduced during and after flight

and returned to normal after 14 days at lg. No significant changes in bone marrow

natural killer cell activity were found between flight and controls. Production of

51



interlukin 1and2 andtumornecrosisfactorsalphaandbetain spleencell culturesof
flown ratswasreduced.At landing,INF-alphaandgammawerediminished.

In summary,cell-mediatedimmunityin ratswassignificantlysuppressedduring
spaceflight.

Neurophysiology

Fifteenexperimentswereflown on four Spacelabmissions,SL-3,SLS-1,SL-J, andSLS-
2, to investigatetheeffectsof spaceflighton thebrainandnervoussystemandgeneral
neurophysiologyof animals.

Physiologicalsystems'aregenerallyregulatedby thenervoussystemandmanyof these
systemshavebeenshownto beaffectedby spaceflight.Temperatureregulation,fluid
volumeandwaterintake,calciummetabolismandneuromuscularcontrolof movement
areall alteredin themicrogravityenvironment.Viewedasadaptationsto microgravity,
thesefunctionsaremediatedby changesin brainneurotransmitterinteractions.
Physiologicalsystemsaregenerallyregulatedby thenervoussystemandmanyof these
systemshavebeenshownto beaffectedby spaceflight.Temperatureregulation,fluid
volumeandwaterintake,calciummetabolismandneuromuscularcontrolof movement
areall alteredin themicrogravityenvironment.Viewedasadaptationsto microgravity,
thesefunctionsaremediatedby changesin brainneurotransmitterinteractions.

BiomedicalResearch and Countermeasures - Human Physiology

The Spacelab missions contributed significantly to the understanding of human

physiological adaptation to the space environment and re-adaptation to 1g post-flight.

Experiments addressed the areas of bone, muscle, cardiovascular and pulmonary

physiology, hematology, kidney function, endocrinology, immunology, neuro-

physiology, and circadian rhythm. A total of more than 50 human physiology

experiments were conducted on seven of the Spacelab missions.

Bone

Bone is a dynamic tissue that is continuously undergoing remodeling by the interactions

of osteoblasts to build, and osteoclasts to destroy bony tissue. Not only does bone

function in support, protection, and movement and as a reservoir for the stem ceils that

differentiate into ceils of the immune system and blood, but bone is also a storage tissue

for fat and minerals. Calcium is involved in a large number of normal cellular processes

and maintenance of nervous system homeostasis and when the level of calcium is low in

the bloodstream, it is recruited from bone. Deposit and release of bone calcium and

minerals goes on almost continuously.

Rapid loss of bone mass occurs under microgravity conditions because of the exit of

calcium and other minerals. Loss of bone is one of the most important health-related

concerns that could affect the well being of humans to limit future exploration of space.
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Dueto thelackof impactstress,which is normallyprovided by walking in Earthgravity,
bonemassandthelevelsof hormonesthatregulatecalciumin thebody,decrease
significantlycausingcalciumresorptionfromboneinto thebloodstream.Thedisruption
of calciummetabolismandbalance,whileadaptivein microgravity,causesserious
imbalancesin thebody.Boneresorptionappearsto beginimmediatelyuponreaching
microgravityandtheincreasedcalciumlevelsin thebloodstreamcausehigherexcretion
of calciumin urineanddecreasedabsorptionby theintestines.Countermeasuresarenot
simplesinceincreasedcalciumintakein microgravitycouldcausestill moreurinary
excretionof calciumandincreaserisk of kidneystones.

Humanbonephysiologyexperimentswereconductedon sixof theSpacelabmissions.
Theexperimentsaddressedbonemetabolism,calciumflux andmineralloss,andthe
hormonesrelatedto maintenanceof bone. Objectiveswereto advariceunderstandingand
provideinformationoncausesof bonelossandpossiblecountermeasuresto preventthis
lossduringspaceflight.

Osteocalcin,anon-collagenousproteinin boneis synthesizedby osteoblastsandits
plasmalevelcanbeusedasa markerfor osteoblastactivity andbonemetabolism.High
levelsof osteocalcinin theplasmausuallyindicatefastgrowingbone. An experimenton
SpacelabD-1designedto evaluateosteocalcinin plasmafrom blooddrawnbefore
launch,inflight andafterlandingdid notshowsignificantdifferencesin osteocalcin
levelsthatcouldbeattributedto flight. On SLS-1it wasfoundthat serumionized
calciumincreaseddramaticallyonflight day2 to levels40%abovecontrolin all
crewmemberstested.This level is consideredto beseverehypercalcemia.At dayeight,
serumionizedcalciumlevelsremainedhigh, 35%abovenormal,indicatingthatclinically
significanthypercalcemiawasmaintainedthroughouttheflight. Parathyroidhormone
(PTH),releasedwhenblood levelsof ionizedcalciumdecline,decreasedto about50%of
controlthroughouttheflight. (PTHcausescalciumreleasefrom bonematrixby
stimulatingosteoclastactivity andboneresorption).Thefinding thatPTH wasdecreased,
biologicallyvalidatedtheincreasein serumionizedcalciumandnegatedthepossibility
thePTH causedthehypercalcemia.

Muscle

Humanswerethesubjectsfor anumberof Spacelabmissioninvestigationsonmuscle
physiologyandadaptationto microgravity. Experimentswereflown on five of the
missions.

Themuscularsystemandneuralcontrolcomponentsof theneuromuscularsystemare
significantlyaffectedby spaceflight.Justafterlaunch,veryrapidadaptationin motor
controlto hypergravityandthento microgravitymustoccur.Thedegradationin skeletal
musclefunction aftertime in spacemaybein part,anoutcomeof alteredmotorfunctions
or howhumansmovein microgravity. In addition,impairedmusculoskeletalfunction
hasbeennotedin astronautsafterspaceflight.Bothmuscleatrophyandneuromuscular
controlandcontractileforceof individual musclefibersmaycontributeto decreasein
musclestrength.Datafrom animalsflown onSpacelab-3andCosmos 1887 indicated
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thatskeletalmuscleatrophypredominantlyaffectstheslow-twitchfibers in musclesof
animals.In humans,theresponsesmaybedifferent. Experimentson Shuttlemissions
haveshownagreateratrophyof fast-twitchfibers.

CardiovascularFunction

Cardiovascularadaptationin microgravityoccursrapidlyandis characterizedby shift of
asmuchas2000ml of fluid toward the upper body. The experiments on human subjects

to evaluate cardiovascular response in microgravity were generally involved with fluids

shifts, heart function and orthostatic intolerance upon return to lg. Investigations were

conducted on seven Spacelab missions and more than 26 experiments with multiple sub-

investigations were achieved.

Astronauts generally experience decreased performance, facial edema, over swelling of

the veins, and stiffness in movement early in the mission. While cardiovascular

adaptation in microgravity is rapid and effective, the orthostatic intolerance that occurs

after spaceflight is associated with significant dysfunction and clinically apparent

orthostatic intolerance. Characteristically, some astronauts feel faint and exhibit varying

degrees of disability in standing. On D-2, it was found that maximal cardiac pump

performance was maintained in space. In the upright position after flight stroke volume

was reduced by about 25% and heart rate increased 35% with a parallel increase in

peripheral resistance. This confirmed SLS-1 data which showed standing heart rate after

flight increased from 82 beats per minute preflight to 98 postflight and the stroke volume

were decreased from 52 ml preflight to 42 ml postflight.

An experiment on D-2 to evaluate fluid shifts within superficial tissues of the upper and

lower parts of the body found that tissue thickness decreased about 16% around the tibia

and increased by 7% in the forehead. It is estimated that about 410 ml of fluid leaves

lower limbs and about rnl accumulates in the superficial tissues of the head. Swelling of

the head decreases within three to five days in space bout does not disappear until after

landing.

The intraocular pressure preflight measured about 10 mm Hg whereas, immediately after

entering microgravity, this pressure increased by about 100%. After four to five days on

orbit, pressure declined to preflight values. Twenty minutes after landing, intraocular

pressure decreased about 30% less than preflight values.

Experiments on SL-Mir showed that long duration spaceflight effects are similar to

short-term exposure. Most autonomic cardiovascular adaptations occur within the first

days of spaceflight. On Mir, these changes persisted for at least four months in flight.

Conclusions form the SL-Mir experiments were that long-duration spaceflight did not

cause higher incidence of orthostatic problems compared to shorter duration Shuttle

fights. This should be confirmed with a larger test subject pool in the future flight

experiences. Heart rate and blood pressure during re-entry showed a lower than

expected, small increase over values seen during normal preflight and intravehicular
activities.
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Hematology

Hematologyexperimentswereflown onSLS-1andSLS-2andSL-Mir. A consistent
finding afterspaceflighthasbeenasignificantreductiononbedbloodcell (RBC) mass.
ExperimentsonSL-Mir again showedarapiddecreasein totalbloodvolume(12%)
within 24hours.This decreasein plasmavolumecausedanapparentincreasein
hematocritcomparedto preflightvalues. Erythropoietinlevelsin theserumwerereduced
also.Thereleaseof newlyproducedRBCs,which is underthecontrol of erythropoietin,
wasterminatedimmediatelyafterenteringmicrogravity. It wasconcludedthatdown-
regulationof RBCproductionduringspaceflightis dueto ineffectiveerythropoiesis
resultingfrom decreasederythropoietinreleaseinto theserum.Additional studiesonMir
18overlongertimewill beveryuseful.The adaptation process to microgravity with

regard to RBC mass and survival represents a state of anemia which can be used to gain

understanding of the mechanisms of erythropoiesis during spaceflight.

Immunology

Changes in immune response have been consistently found in astronauts and cosmonauts

yet the mechanisms are not clearly understood and impact to health and productivity of

flying long-duration missions has not been determined. The immune system involves
both cell-mediated response of T-lymphocytes and the production of antibodies (humoral

or blood-borne) by B-cells. B-cells are specialized white blood cells that release

antibodies into the bloodstream when stimulated by infectious organisms. The T-cells to

rid the body of cells infected with bacteria, viruses, fungi and parasites. Maintenance of

immunity in the body occurs by a very complex cascade of molecular and cellular events

involving differentiation of cells and secretion of cytokines (cellular messenger

molecules) and production of immunoglobulins. One experiment on SL-Mir was

designed to investigate whether antibodies are produced in response to antigen introduced

by vaccination and to determine the time course of the response. This experiment is long-

term beginning with STS-71 in 1995 and continuing on Shuttle-Mir missions for several

years. The second experiment series was designed to determine the phenotypic alterations

in circulating immune cell subpopulations during spaceflight compared to populations

observed immediately after flight and to assess functional changes in the peripheral

immune cells. The roles of specific cytokines including interleukin 1, interleukin 1

receptor antagonist, and interleukins 2, 6, and 10, tumor necrosis factor alpha,

granulocyte/macrophage colony stimulating factor and immunoregulatory factors such as

prostaglandin E2 are being evaluated to assess spaceflight-induced immune suppression.

Additional information may be accessed as it becomes available on internet websites.

Pulmonary Function

The human lung is very sensitive to gravity therefore on Earth there are large differences

in gas flow, blood flow and gas exchange between upper and lower portions of the lung.

On earth, pulmonary blood flow (perfusion) is greater near the bottom of the lung and
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becomessmallertowardthetop. Gasflow (ventilation)is distributedthroughoutthough
therearestill largedifferences.Generallyit isbelievedthatthesedifferencesare
primarily dueto thepull of gravity. Comprehensivestudiesof pulmonaryfunctionon
SLS-1andSLS-2andD-2 missionsshowedhowever,thatmuchof the imbalancein lung
ventilationandperfusionismaintainedin microgravity.

KidneyFunction

Early in theflights, astronautsloose2 to 4 Kg of bodymass,mostlydueto extracellular
fluid volumeloss.Theobjectiveof experimentsflown on SLS-1andSLS-2wasto gain
furtherunderstandingof adaptivechangesthatalterfluid, electrolyte,renaland
circulatorystatusof humansin microgravity. Preliminaryresultsindicatethatglomerular
filtration ratewaselevatedinflight especiallyon flight day8. Plasmavolumewas22%
lower thanpreflight andextracellularfluid volumewas15%belowpreflight valueand
wasstill low at day8.Fluid intakeandurinevolumedecreasedsharplyandmeanintake
remainedatleast20%belowpreflightvaluesthroughoutthemission.

Datafrom SL-M showedthatextracellularfluid wasreducedfrom 19.5to 15.6liters.
Thesevaluesaresimilar to thosefrom a 14dayShuttlemission. Conclusionsarethat
changesin fluid volumethatoccurearlyin aflight, remainthroughoutlong-term
missions.Levelsof two hormonesimportantfor fluid andelectrolytehomeostasis
(antidiuretichormoneandatrialnatriureticpeptide)werereducedafter 110daysof
spaceflight.

Factorspredisposinghumansto increasedrisk of renalstonesincludeexcretionand
negativecalciumbalanceasaresultof bonemineralloss,decreasedurinaryoutputafter
thefirst few daysin microgravity,urinarypH changes,magnesiumandcitrate
concentrationsandincreasedurinaryphosphate.Thesechangesall canincreaseurinary
supersaturationof stone-formingsalts. Seventypercentof therenalstonesin humanson
Eartharecomposedof calciumoxalateandtheremaining39%areuric acid, struviteand
cystinestones.Studiesfrom Shuttlemissionsof 4 to 14daysonatotal of 150astronauts
showedthatimmediatelyafterflight, urineof mostcrewmembersis saturatedwith stone-
forming saltsplacingthematrisk of developingcalciumoxalateanduricacid stones.
Therewasalsoadifferencein stone-formingsaltconcentrationsbetweentheshort-and
long-durationmissions.StudiesonSL-M andcontinuinglong-termonMir aredesigned
to further investigatetheeffectof long-termhabitationin microgravityon risk of
developmentof kidneystones.

Neurophysiology

Spacemotionsicknessaffectsapproximately50%to 75%of Shuttlecrewmembersin
gradationsof severityandpresentsaproblemearlyin short-durationmissionsespecially
whentheworkloadis heavy. It is importantto understandthethresholdfor perceptionof
vestibularinputsin orderto improvemethodsfor prevention,predictionandtreatmentof
spacemotion sickness.Neurophysiologyexperimentswereflown onsevenSpacelab
missionsandmorethan18individualexperimentshavebeenconducted.Resultsfrom the
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SpacelabNeurolabMissionarenot currentlyavailableandwill beappearingin the
literatureandinternetwebsitesincreasinglyover thenextmonthsandyears.

Someof thefindingsaregeneralizedin thefollowing:
After flight all subjectsshowedanincreasein posturalinstabilityandastrongtendency
to swaywhenthevisual field rotated.
• No consistent vestibulo-ocular reflex changes were noted on orbit.

• Pointing accuracy was very poor. The bias was toward pointing low. Performance

was always better with eyes closed only while pointing. In this case results were

similar to ground. Recovery to preflight accuracy returned by 7 days postflight. This

shows that primary adaptation in microgravity is loss of the external spatial map and

complete recovery requires several days after flight.

• Muscle fatigue showed that isometric muscle strength was reduced by 10% to 50%

postflight in ankle piantarflexion and unchanged in dorsiflexion. The fatigability did

not return to baseline by day 7 postflight.

• The threshold for perception of direction of linear acceleration was not significantly

changed.
• Susceptibility to space motion sickness (SMS) was not predictable based on ground

tests. After day 3, SMS dropped and remained low thereafter. Postural bias was

negatively correlated with discomfort. (Crewmembers became sick without regard to

position of the body in the spacecraft).

• Sensations of trunk tilt and respective concomitant reflexes are missing in

microgravity when the head is tilted with respect to the trunk.

The effect of autogenic feedback (motion tolerance, autonomic control) was investigated

as a countermeasure for space motion sickness. It was found to be effective in some but

not all crewmembers. Individual autonomic response to spaceflight was different from

ground simulation tests.

Advanced Human Support Technology - Human Factors

Human factors include all of the factors across the disciplines that impinge on the health,

performance, safety, and well-being of humans in orbiting spacecraft, planetary bases and

space stations.

Environmental Contaminants

Microbial evaluation of the crew, air, surfaces and water on the Mir Station is critical to

understanding the ecology of microbial organisms that inhabit crew living areas. Based

on findings over the past 25 years it is evident that microbial ecology on spacecraft

undergo quantitative and qualitative changes. Investigations on microbial biota from SL-

Mir provide information on incidence and mechanisms of microbial transmission
between crewmembers and work station/crew transmissions. Isolations of organisms

from air, water and surfaces were shown to be within the International Space Station

acceptability limits.
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The environmentof spacecraftcontain chemical contaminantsthat can be potential
threatsto crewhealth andsafetyespeciallyon long-durationmissions, Theseairborne
pollutantsmust be identified and controlled and air must be scrubbedand rendered
compliantwith safelevels. Evaluationsof air quality area significantpart of thehuman
factorsconsiderations.

On Mir, approximately50% of the potablewater suppliedto crewmembersis produced
by directrecyclingof waterfrom humidity condensate.Theotherprimary sourceis from
potablewaterdeliveredby re-supplyspacecraftfrom thegroundor from fuel cell water
that is transferredform the Shuttle. Experiments to assess the reliability of the water

supply system are done to support future water requirements for future International

Space Station needs based on information from Mir. Water samples collected on Mir 18

mission and on the STS-771 Shuttle mission were analyzed and considered to be of

general potable water quality although it exceeded water quality standards for total

organic carbon (TOC). Ground supplied water was considered of general potable water

quality although it exceeded standards for TOC , turbidity and chloroform. These

investigations are ongoing and modifications are considered for future flights.

Microgravity Environment Effects On Cognitive Performance Of Humans

Space travelers are subjected to a number of stresses during spaceflight. These include

physical isolation, confinement, lack of privacy, fatigue and changing work/rest cycles.

Studies on Earth have shown that changing work/rest cycles can degrade cognitive

performance and productivity. A battery of cognitive test were administered on IML-2

and on LMS to determine the effect of microgravity on cognitive skills critical to the

success of operational tasks in space. The tests include a number of cognitive, mood,

fatigue, memory and performance tests. No general conclusions can be drawn at this

time, given the limited number of subjects.
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